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ABSTRACT
Mechanical Response of VARTM based FRP composites
Andrew Kenney
The United States Department of Transportation (USDOT) recently created two new
design specification for rail tank cars. These new types of classification, DOT-117 and DOT117R, are designed with additional safety precautions to prevent hazardous chemicals from
leaking out in case of a derailment. Features such as a thicker outer steel wall, head shield, and
top and bottom valve protections provide additional protection compared to the current DOT-113
tank cars at the cost of additional weight. The WVU-CFC proposes a multifunctional, composite
jacket that could be used in place of current tank car retrofitting methods. The composite jacket
will provide the same or greater benefits in terms of puncture, fire, and impact resistance at a
significantly lower unit weight and a faster retrofitting time when compared to current methods.
This research covers the development of the initial sample production and testing of the proposed
composite jacket samples in tension, bending, and impact.
The process of creating the composite jacket begins with designing a consistent method
of producing test samples. Vacuum assisted resin transfer molding (VARTM) was chosen due to
its low setup cost and high sample fiber volume fraction when compared to other infusion
methods. Multiple sample infusions were performed with several different manufacturing
parameters to find the best overall configuration. The final procedure was found to produce high
quality, low void content samples to evaluate the different composite variables.
Next, the effect of several different variables was tested through a series of ASTM
tension, bending, and impact tests. These variables included fabric type, resin, core material, the
effect of fabric stitching, and the layer orientation in the samples. Through the tension testing
and bending tests, base mechanical properties such as the elastic modulus, maximum tensile and
bending strength, and total energy absorption were established and measured. These properties
were found for each composite variable then compared to find the overall highest strength
configuration. The most successful combination of variables were then tested using a drop
weight impact machine to confirm these results and to compare to the DOT crash data. Through
these series of tests, it was determined that an 18-layer hybrid glass/aramid fabric layup, stitched
full thickness with aramid thread, infused with epoxy resin produced the highest amount of
energy absorption per sample. The final optimized composite achieved nearly half of the DOT113 energy absorption per sample volume (206 ft-lb/in2 vs 91 ft-lb/in2) with a higher fracture
stress (5,694 lbf/in2 vs 7,902 lbf/in2) while having only a fifth of the density (493 lb/ft3 vs 106
lb/ft3).
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1. INTRODUCTION
In North America, railroad tank cars have been the main transportation mode for
flammable liquids and other hazardous materials. The standards put forth by the U.S Department
of Transportation are continually updated to enhance the safety of transporting these materials.
The performance of these tank cars are primarily measured by their thermal protection and
resistance to puncture and rupture. In 2015, the USDOT has proposed project goals to improve
the performance of hazardous materials packaging. Specifically, the ruling was made to enhance
the safety specifications of both new (DOT-117) and retrofitted (DOT-117R) tank cars. These
new tank car design criteria were created to reduce the probability of hazardous chemicals
spilling in case of derailments or other accidents. The DOT-117 criteria are classified as new
non-pressurized tank cars with a steel shell thickness of 9/16-inch, a 1/2-inch thermal protection
system, a 11-gauge steel jacket, and other additional safety enhancements. The DOT-117R class
is for DOT-111 and DOT-113 cars that have been retrofitted to satisfy the DOT-117
specifications. However, the extra weight that these safety features add for both the DOT-117
and DOT-117R could be of concern when considering the reduced carrying capacity and
increased shipping costs. Additionally, the long retrofitting time of 155 days per tank car adds
another drawback to the proposed steel shell addition method of altering these cars (USDOT
2019).
The interdisciplinary research team at the West Virginia University Constructed Facilities
Center (WVU-CFC), in cooperation with the research partners (e.g., American Association of
Railroads (AAR), Creative Pultrusions, Inc., Kenway Corp., and Appalachian Railcar Services
(ARS)), proposes an innovative multifunctional polymer composite panel as a jacket for tank
cars to enhance the safety and efficiency of retrofitting DOT-111 and CPC-1232 cars to satisfy
1

the DOT-117R specifications. The multifunctional jacket will provide superior performance in
both fire and puncture resistance while also having lower life-cycle cost over the current jacket
design. Additionally, these jackets can be applied to tank cars in situ, allowing for more rapid
retrofitting (less than three days) of the existing tank car fleet compared to traditional methods.
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2. OBJECTIVES
The primary objective of this research is to apply the advantages that composite materials
allow such as greater specific strength, stiffness, and energy absorption when compared to steel,
increased puncture resistance, and increased thermal protection while adding less weight when
retrofitted than traditional materials. These advantages, combined with other fire proofing
mechanisms such as intumescent coating, provide the safety features nessacery for the DOT117R safety specifications. The specific objectives the project as a whole are:
1. To develop a 5/8” multifunctional jacket that provides superior strength, stiffness,
puncture resistance, and thermal protection that can be applied in situ to existing
DOT-111 and CPC-1232 tank cars to retrofit them into the DOT-117R safety
classification.
2. A deliverable of over 200 flat test jackets samples will be manufactured at WVUCFC facilities with varying resin, fabric layup, fiber orientation, and core
materials to maximize strength and puncture resistance.
3. The composite samples will be tested in WVU-CFC labs for strength, stiffness,
puncture and fatigue resistance, energy absorption, thermal conductivity, and
aging under harsh environment (pH, temperature, creep, rupture).
4. Using the material properties determined from sample optimization and testing, a
finite element model of the flat composite jacket bonded to the steel substrate will
be developed to ensure model accuracy.
5. Curvilinear jacket manufacturing, where optimized jacket layups will be installed
onto curved sections of a sample tank car, will be created using the VARI and
filament winding manufacturing process.
3

6.

The curvilinear samples will be tested in both static bending, shear, and a
simulated puncture test to recreate a more realistic puncture scenario for the test
sample.

7. Data from the curvilinear sample testing and full-scale tank car puncture testing
conducted by TTCI will be used to update and refine the finite element model of
the composite.
8. The fire-retardant properties of the polymer jacketing system will be enhanced
with fire resistant halogen containing resins and fire-retardant materials such as
aluminum hydroxide and ammonium polyphosphate. Various ASTM standard
flammability tests will be performed to ensure the samples meet the USDOT
safety requirements.
9. A cost effectiveness analysis will be evaluated to verify that the proposed
composite jacketing solution will be an economically viable alternative to current
retrofitting methods. The analysis will include a practicability assessment of
manufacturing and installing the jacket to tank cars in cooperation with The
Association of American Railroads (AAR).
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3. SCOPE
While the entirety of the project’s goal include full scale retrofitting and testing of the
composite jacket on an actual tank car, the scope of this specific research report is focused on the
early-stage composite material optimization and testing. Starting from the beginning of the
manufacturing process, this research compares different resin molding techniques and setups
used to produce the composite samples. It also covers the initial tension and bending tests of
these samples for strength and quality. The samples are also tested under dynamic impact
loading to allow for a comparison of strength between the composite and the steel shell from a
DOT-113 tank car, which is described in the literature review section. Future research and test
methods are then presented, along with recommendations for optimal production methods.
The paper starts with a review of relevant literature relating to the field of vacuum
assisted infusion techniques to produce high quality samples. Choosing a method of production
that allows for rapid production of quality samples is key for this project. The summary of
several different infusion techniques is compared to find the best methodology of vacuum
assisted infusion. Studies measuring the effect of voids and fiber volume fraction on the strength
and puncture resistance of the composite sample are shown to demonstrate the need for a
consistent manufacturing method. Detailed information about the properties of glass and aramid
fibers during infusion is then presented to give a comprehensive view on the samples being
created. The review concludes with a brief summary of the test conditions used in a 2019 DOT113 full-scale tank car impact, as this will provide the final comparison between the
manufactured composite and current outer steel shell
After reviewing the literature relevant to composite manufacturing, an overview of the
initial manufacturing process is presented. Starting with a summary of the process itself, this
5

section will cover aspects learned throughout the development of these samples. Different
fabrics, resins, and other materials are covered in detail to provide an accurate view of the
technical items that go into the production of the test samples. An SEM (scanning electron
microscope) analysis of the test samples is provided to allow for an understanding of the how
resin permeates through each fabric layer and the present of void contents, if any. The section
concludes with a trial curvilinear infusion to demonstrate the capabilities of the VARTM
process.
Next, an overview of the various tests performed on these samples to determine their
strength and overall performance is presented. Focusing on the tension and bending test data,
how optimization in manufacturing can lead to improved sample performance is demonstrated.
These tests will also determine which variables produce the best mechanical properties in a
composite jacket.
Finally, a set of preliminary impact tests is performed to analyze how the samples behave
under a high velocity impact (23.4 ft/s). This data will also be used to compare mechanical
properties of composite jacket samples to those of a full-scale tank car impact test data.

6

4. LITERATURE REVIEW
4.1 Introduction
Composite materials have become increasingly prevalent in both consumer products and
for industrial applications in recent years. A higher specific strength-to-weight ratio, toughness,
fatigue performance, and lasting corrosion resistance over steel are favorable properties that let
composites become ideal materials candidate for the civil, aerospace, marine, mechanical,
automotive industries. However, disadvantages such as high production costs and consistency in
manufacturing have prevented this technology from widespread use. For specialized fields where
performance is of the upmost importance, and when the manufacturing and production can be
carefully controlled, composites provide the best possible choice at higher production costs.
All composites are a composed of two of more constituent materials with different
mechanical properties that are combined into a single product. For the purposes of this research,
the composites being studied are a combination of one or more layers of a fibrous material as
reinforcement infused with a type of resin as a binder. These layers of fibers provide the bulk of
the strength for a composite material while the resin acts as a high strength binder to transfer
stresses and protects the fibers from environmental damage. The fibers most commonly used in
high strength structural application are glass, aramid, and carbon, although organic fibers such as
hemp and flax have been researched for a more environmentally sustainable option. Glass fiber
composites have the most widespread use due to their low unit cost, favorable structural
properties, and thermal stability. However, fiber glass composites are weaker than carbon or
aramid per unit weight. Carbon fiber composites provide the highest specific strength and
Young’s Modulus but can be cost prohibitive to be used in mass manufacturing. Aramid (also
known as Kevlar, trade name of Dupont) fiber composites, provide excellent mechanical and
7

heat resistant properties (Ekşi 2017). In this project, a combination of glass and aramid fibers
was chosen to take advantage of the low cost and availability of fiber glass as well as higher
puncture resistance and material strength of aramid.
There are several choices for the type of resin used in commercial composites. The most
common types of resin are vinyl ester and epoxy, both providing excellent corrosion resistance.
However, due to differing chemical compositions, each type of resin provides a different level of
mechanical strength and environmental resistance. The cheapest and most widely used of these is
polyester resin. Polyester is most commonly used in the automotive and marine industries where
its low cure time allows for the mass production of parts in the shortest duration of time.
However, the resin’s poor mechanical properties, especially in tension and lower chemical
resistance, prevent it from being used in most structural applications. Vinyl ester resins are
chemically similar to polyester, except for the addition of epoxy molecules which strengthen the
molecular bonds in vinyl ester composites thus resulting in better resistance to chemical attacks.
This provides a significant increase in mechanical strength when compared to polyester. One
downside to vinyl ester is that is has difficulties bonding itself to carbon and aramid fibers,
resulting in poor shear strength and load transfer within these types of composites. Epoxy resins
can maximize the molecular bond strength advantages present in vinyl ester, providing even
more mechanical strength, impact resistance, and resistance to environmental degradation
especially with carbon fibers. Additionally, epoxy resins have stronger chemical bonds, making
it an excellent choice in aramid-based composites. These stronger bonds consequently make
epoxy-based composites less flexible. The downside being that these high-end epoxies can be
much more expensive and difficult to obtain than their vinyl ester or polyester counterparts
(Bennett-Huntley 2014).
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4.2 Composite Production Methods Review
When it comes to manufacturing of polymer composites, there are several different
methods for producing samples. The first step in deciding what infusion method to use is the
choice between an autoclave or out-of-autoclave (OoA) process. An autoclave is a large infusing
machine that allows for exact control of the infusion pressure and temperature. The process
works by placing a stack of prepregs (A vacuum bag containing layers of composite fibers that
have been saturated with a partially cured resin) on a specific mold to go inside the autoclave.
The air is removed from the vacuum bag as the mold enters the autoclave for curing. The prepreg
is then compressed against the mold by increasing the temperature and pressure in the autoclave,
reducing voids, and increasing the strength of the final product. The benefits of using an
autoclave for infusion is that it provides the best overall mechanical properties out of any
infusion method, which is why it is most commonly used in the aerospace industry. The fiber
volume fraction is on average higher than other methods and the use of an autoclave also leads to
a very low void content. The control over the exact temperature and pressure during the infusion
process also create a high degree of uniformity in the sample. The downsides to this infusion
method come in the form of speed and expense. The autoclave machine requires a large initial
investment and limits the size and shape of composites, especially under mass production.
Additionally, turnover time for part creation using an autoclave setup is much longer due to the
operations of the autoclave machine and complicated curing process (Ekuase 2022). Since the
primary goal of this research is to find a fast, efficient method of producing high quality test
samples as well as the requirement to perform in situ retrofitting of tank cars, an autoclave
infusion process was not found to be suitable.
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Outside of autoclave infusions, there are still several competing infusion methods to
choose from. The focus will be on the three most common types: the hand layup, vacuum
infusion, and vacuum bagging. The hand layup method requires the least amount of setup, the
initial investment is very low, and it is the fastest to produce. This method works by laying out a
single layer of the composite and then resin is brushed or “painted” on by hand, fully saturating
each layer. The excess resin can then be removed by using a roller on the top of the sample. A
new layer is then added to the top and these steps are repeated for every layer of the composite.
Unlike the hand layup method, both the vacuum infusion and vacuum bagging method use a
vacuum pump to increase the quality of parts created.
The vacuum bagging method works by first creating a stack of fibers to be infused and
fully saturating them. A vacuum tight environment is then created around the fabric layers
including an outlet tube, which is placed near the fibers and connected to a vacuum pump. The
pump is then turned on, sucking air out from the area to be infused. Additionally, the excess resin
from the sample is removed and resin rich areas are minimized. This method is similar to an
autoclave infusion as both methods first fully saturate the fibers then use vacuum pressure to
remove any excess. However, lack of a highly controlled environment during the vacuum
bagging process leads to higher variability in the final product.
The vacuum-assisted resin transfusion method, also known the vacuum infusion method,
begins with a dry stack of fiber, around which an airtight vacuum environment is created. This
method uses two tubes in the infusion process, an inlet which is connected to an outside source
of resin and an outlet which is connected to the vacuum pump. When the vacuum is turned on,
air is removed from the fibers and the resin is pulled in replacing the space left by the air. After
the resin has fully saturated the sample, the vacuum can be turned off and the sample is left to
10

cure. This method requires the most involved setup out of the OoA options as any air leaks in the
infusion environment can significantly increase the void content. However, this method has the
ability to produce the highest quality OoA samples, if properly performed.
A comparative study done by Abdurohman, et al. (2018) reviewed three different
methods of infusing e-glass fabric. The hand layup, vacuum infusion, and vacuum bagging
methods were all used to infuse a sample of EW-185 cloth with epoxy resin. These infused
samples were then cut into multiple specimens for tensile testing, following the ASTM D3039
standard for testing polymer matrix composite materials. From these tests, it was found that the
average ultimate tensile strength was 261 Mpa for hand layup, 271 Mpa for vacuum bagging,
and 346 Mpa for vacuum infusion. The study also presents high magnification pictures the
samples produced by each method to provide a detailed look at the resin fiber interaction in each
sample.
Additionally, the study provides details about each infusion process individually,
displaying the advantages and disadvantages of each method. The hand-layup method is
described as the simplest and least intensive technique. The resin is applied to the glass fibers via
a brush or roller with an excess amount of resin being used for each layer to ensure that fibers are
fully saturated. The excess use of resin in this technique leads to areas of Resin-Rich Volumes
(RRV) which are known to negatively affect the composite’s mechanical properties (Mahmood
2018). When looking at hand layup samples in 500x magnification, it is evident that the resin
primarily lies on top of the glass fibers instead of permeating between them. Both magnified
images of the vacuum bagging and vacuum infusion samples show resin penetrating between the
individual glass fibers.
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4.3 Composite Characteristics Review
In the field of composite manufacturing, there are several properties unique to the resin
infusion processes that determine the quality of a part. The first and most well documented in
literature is the formation of voids with small air bubbles entrapped in the composite. The
negative effects that voids have on the mechanical properties of the final composite have been
thoroughly studied (Mehdikhani 2018). Voids are formed through a multitude of ways and their
formation depends on the type of infusion performed. Most commonly, voids are formed through
the entrapment of air bubbles as resin flows into the fabric. These micro pockets of air get
trapped in the composite due to the two different mechanisms of how liquids flow through the
fibers during infusion. If the resin is flowing between the individual fibers of the material itself,
it is aided by capillary action. However, since not all resin flows directly between fibers of the
material, the resin in these areas is instead driven solely by the pressure difference within the
system. This prevents the resin in the infusion process from moving at a constant speed, allowing
for regions where air entrapment is possible. Therefore, the monitoring and uniformity of the
resin flow front during the infusion process is key to preventing void formation (Burton 2018).
Similar to how an excess of void regions in a composite can significantly lower the
strength of the sample, regions of excess resin can also negatively alter the structural
performance. A report by Mahmood, Summerscales, and James, (2018) reviews the influence of
these resin-rich volumes (RRV) on the mechanical properties and physical behavior of fiber
reinforced composites. The report begins with analyzing the formation of RRV. Any clustering
of fibers in a fabric is the largest contributor, as was found by comparing the amount of RRVs in
different fabric weaves. Microscopic images taken of stitching seams reveal additional resin-rich
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areas, leading to the conclusion that any nonuniform areas in the fabric can produce a resin rich
zone.
Another problem that can limit the mechanical properties of composites, especially those
with multiple types of materials, is the interlaminar shear strength (ILSS). Interlaminar shear
strength is a measure of how strong the bond between each layer of the composite is and depends
on the resin used and material of fabric. Carbon fibers provide high levels of ILSS, up to five
times greater than glass fibers (Madhavi 2021). Aramid fibers, on the other hand, have a
comparably low level of ILSS. A combination of aramid’s physical and chemical properties
prevent interfacial bonding between the fabric and the resin, resulting in poor adhesion between
the two materials. While a number of surface treatments have been developed for glass and
carbon fibers to improve adhesion, these have not transferred over to aramid fibers. Some
techniques such as surface oxidation have been shown to improve adhesion, they often reduce
the mechanical strength of the fibers. Additionally, low levels of fiber matrix adhesion can
slightly improve fracture toughness and impact resistance, so it was decided to not further pursue
any Kevlar treatment in this project (Kalantar 1990).
One final factor that is unique to composites that affects the mechanical properties is the
orientation of the fibers. The fiber direction in the composite is determined by the weave of the
fabric, which is usually unidirectional or bidirectional. The fabrics being used in this report are
bidirectional oriented in a 0/90˚, meaning the forces experienced by the composite are
transmitted in these directions. Changing the direction of these fibers relative to the edges of the
composite (such as offsetting layers by 30, 45, or 60 degrees) changes the distribution of the
applied forces and consequently the stresses experienced by the composite. For example, a report
from Raimondo, Oca, and Bisagni (2021) found that incorporating 45˚ plies into a 0/90˚
13

composite sample could increase the fracture toughness by over 100%. However, layers with
different orientations do not transfer energy as efficiently as those with the same orientation. A
report by Hashim et al. (2022) found that composites with all layers oriented in either [0/90˚] or
[±45˚] showed higher impact energy absorption than those with mixed fiber direction. The
optimal orientation of each layer in the composite jacket is briefly studied in this report and will
be further studied in the continuing research
4.4 Composite Core Material Review
Part of the final tank car composite wrap is to incorporate layers of a core material to
improve both fire resistance and energy absorption. The most common way of incorporating a
different material into a composite is by surrounding the core with layers of fabric on the top and
bottom, creating what is known as sandwich composite. The efficacy of these types of
composites is well documented and have widespread use in the aerospace industry due to their
advantageous weight to strength ratio. The most common types of core materials include
polyurethane (PU), polypropylene (PP), polyvinyl chloride (PVC), and extruded polystyrene
(XPS). While high density, high strength core materials are sometimes used, the most common
type of core material is generally a low-density foam. In a comparison study performed by
Herranen et al. (2012), multiple different types of sandwich composites were tested against each
other. The study found the more expensive high-performance materials such as polymethylmethacrylate (PMI) greatly increased the expense per unit while only providing a small
improvement to mechanical properties.
Additionally, the use of a core material in a sandwich composite can help improve the
fire-resistant properties when compared to a composite without core. A study conducted by the
Naval Surface Warfare Center developed a syntactic foam for this specific purpose. The samples,
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using a foam core made from fly ash, performed excellent in fire resistance test while still
comparing favorably to typical core materials in mechanical property tests (Shivakumar 2006). A
more comprehensive study by Riccio et al. (2016) compared the damage mechanisms and fire
resistance capabilities of several types of polypropylene sandwich cores. In this study, micro
filler materials such as silicon dioxide, ammonium polyphosphate, and cut-glass fibers were
added to the core of these samples to improve fire and impact resistance. The researchers found
that it is possible to improve both properties at once as the samples showed the best mechanical
and fire performance.
4.5 Composite Stitching Review
One technique often used to increase the strength of composite materials is the use of
through thickness stitching. The process of stitching itself is multifaceted. Several factors such as
the stitching density (the number of stitches per unit length along one line of stitching), sewing
pattern, and thread used can all be changed depending on the needs of that specific sample.
Studies have shown that stitching the layers of fabrics together before infusion can lead to better
mechanical properties but can also damage the fibers of the material during the actual stitching
process. A study from B. Sudaroli (2021) found that stitching can improved the maximum tensile
strength of an infused glass samples by 48% and impact toughness by over 60%. Another study
by Gnaba, Legrand, Wang, and Soulat (2019) compared the techniques of several different
through thickness reinforcements. The study finds that sewing the layers of fabric together
improves interlaminar properties and decreases the effect of delamination of the sample. A patent
filed by GangaRao, Shekar, and Tippeswamy (2004) on three dimensionally stitched fabrics also
found that vertical stitching increases the stiffness and strength of the fabric architecture while
preventing premature cracking and breaking of a composite. However, the act of stitching
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invariably misaligns or breaks some of the fibers in the sample due to the repeated penetration of
the needle into the fabric. This can create points of local weakness in the samples from which
larger cracks can form. Additionally, the areas around where the stitching fibers loop together are
often much weaker than the surrounding areas due to the gaps created by the knot. During
infusion, these irregular pockets can either fill with resin resulting in a resin rich area or
bypassed entirely resulting in a significant void. While it is inevitable that flow uniformity of
resin during infusion will be altered due to stitching, it can be limited by the use of one-sided
stitching (OSS). This is a type of stitching that can be done with access to only one side of the
fibers, potentially allowing for in situ sewing of the fabric in the field.
Another benefit to through-thickness stitching is its synergistic effect with sandwich
composites. In a study by Xia and Wu (2010), foam core sandwich composites were studied to
measure their impact resistance. The study compared the results of samples that were through
thickness stitched versus those that were not. Stitched samples were found to have larger damage
areas on the top surface of impact, indicating a more globalized type of failure in these samples.
This allowed the stitched samples to have improved overall energy absorption in both high and
low energy impacts (Xia 2010). Stitching also significantly decreases the debonding between the
outside layers of the composite to the sandwich core, as is shown in a similar study performed by
Potluri, Kusak, and Reddy (2003). In this test, a set of aramid sandwich composites were stitched
with spacings of 25 mm to 5 mm and tested in quasi-static impact. It was shown that stitching
not only increased the maximum failure load for the top and bottom layers by up to 60% but also
reduced the area of debonding from around 450 cm2 to just 15 cm2.
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4.6 Composite Manufacturing Setup Review
As the literature and relevant research shows, the flow front and parameters of the
vacuum infusion process highly effect the quality of composite. To ensure the best
manufacturing practices are followed, a review of other researcher’s infusion setups was
explored.
A paper written by Kazmi, Govignon, and Bickerton (2018) studied how to control the
fiber volume fraction (Vf) and laminate quality of panels manufactured using the resin infusion
process. The paper shows a study of compaction and gives guidelines for estimating and
controlling the Vf in resulting samples. In the vacuum infusion setup, inlet distribution tape and a
flow promoting distribution media are placed in line with each other along the inlet side of the
specimen. The distribution media is notably slightly smaller than the specimen being infused,
leaving a couple of centimeter long break area along three sides of the perimeter. The paper
states this was done to prevent the resin from “race tracking” down the sides of the specimen to
the outlet instead of soaking down into the fabric. It was found that change in pressure in the
laminate is highly dependent on the amount of flow through this break area. Any folds or
creasing in the vacuum bag also greatly affect this flow. Setting both the inlet and vent to full
vacuum during curing leads to higher void content, which was confirmed up by a light
transmission test done in the experiment. Researchers also concluded that clamping the inlet at
the onset of post filling produces consistently good parts with respect to void content.
A paper written by Kedari, Farah, and Hsiao (2011) studies the effects of vacuum
pressure, inlet pressure, and mold temperature on the void content and fiber volume fraction of
samples infused with the vacuum-assisted resin transfer molding (VARTM) process. The paper
suggests several tips to improving the sample quality when using the VARTM process, such as
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degassing the liquid resin before infusion and double sealing the outside edges of the infusion.
Also, ensuring the total infusion time is shorter than the resin gel time is critical to allowing the
sample to cure uniformly. Before any infusion, a vacuum is applied for 20 minutes to compress
the material and to remove air from the infusion environment. The resin is then degassed for 15
minutes, before infusing for 45 minutes. The paper found that higher mold temperature (resulting
in higher resin temperatures and lower resin viscosity) and higher vent pressure increase the fiber
volume fraction and enhance the production consistency. The ability to control the vacuum
pressure at both the inlet and outlet can further maximize the quality of the samples.
In a study performed by Kuentzer, Simacek, Advani, and Walsh (2007), the correlation of
void distribution to different VARTM manufacturing techniques is studied. The study
specifically measures the effect of “bleeding” the resin after infusion, where the resin is allowed
to flow out of the sample for a short time after full saturation as well as the effects of artificially
increasing the resistance at the outlet. The results were that both methods individually provide an
overall lower void percentage across the whole sample. When combined, the effects are
increased and resulted in the highest quality sample from the entire experiment. The study also
shows that the use of bleeding and added outlet flow resistance averages out the distribution of
voids throughout the length of the sample. In the samples produced without using either method,
more voids were found near the outlet of the system rather than the inlet.
Another way to improve the vacuum infusion method for better properties is to borrow
some techniques from autoclave methods. A paper authored by Hamidi, Aktas, and Atlan (2005)
studied the effects of adding packing pressure to resin transfer molding. In this research, samples
that were infused without the use of packing had void fractions of 2.2% and 2.6%. In the
compacted sample, the void content was measured at 0.2%. Digital images of the samples
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showed a reduction of void size of nearly 50% (59.3 μm to 31.7 μm). The compaction was
especially effective at removing circular voids, with a removal rate of up to 99%.
All studies generally agree on several key factors: use of a removable layer used to
promote flow across the specimen, ensuring an airtight seal around the infusion environment,
keeping the flow front of resin as even and consistent as possible, and proper control of vacuum
pressure.
The final study covered in the literature review is a federal report authored by Trevithick,
Carolan, Eshraghi, and Wilson (2019) covered a side impact test of a DOT-113 tank car to
provide verification and refinement of a computational model. The report describes a pressurized
DOT-113 tank car fixed to the ground that was punctured at 16.5 mph by a 12” x 12” impacting
head attached to a ram car. Figure 1 shows the deformation of the 10’ x 10’ impact zone
immediately before puncture occurs.

Figure 1. Deformation of the DOT-113 tank car from high-speed impact video
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Strain and pressure gages were applied to the impacting head and DOT-113 tank surface
to provide an accurate measurement of the forces and energy absorption during the impact. The
detailed nature of this report allows for calculation of the mechanical strength of the DOT-113’s
outer steel shell. These mechanical properties will be used at the end of the paper to make a
comparison to those found from the manufactured composite sample.
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5. VARTM MANUFACTURING PROCESS
5.1 Introduction
Before the manufacturing process can begin, some initial assumptions about the infusion
parameters can be made based on the information gathered from the literature review. From the
comparisons between the different infusion methods, vacuum infusion was chosen as the
preferred manufacturing method for this project because of the in situ manufacturing
requirements of complex fabric-foam jacket system with ability to retard fires. Vacuum infusion
allows for individual samples to be made rapidly with higher consistency than the hand layup or
vacuum bagging methods. As the primary objective of this project is to allow for the retrofitting
of existing tank cars, the ability to transfer the small-scale sample production techniques to a
full-scale tank car infusion is critical to the project’s success. The steel shell of the tank car can
be used as a mold for the fabric layers and multiple inlet and outlet ports can be attached along
the curvature of the car.
To optimize mechanical properties, the right combination of fabrics between carbon,
aramid, and glass is needed. Although carbon fiber composites have the best mechanical
properties, the high cost over other choices is a significant drawback. When considering that the
goal of the early manufacturing work is focused on optimizing other parameters such as
manufacturing practices and choice of core materials, carbon fiber was not used at this stage in
the research. Aramid fabrics provide significantly more energy absorption and puncture
resistance than glass, which are two of the most important properties to optimize a polymer
composite jacket. However, an all-aramid composite would be expensive to produce and would
suffer greatly from its poor interlaminar shear strength due to aramid’s poor infusibility. Glass
compliments aramid greatly in these areas which is why a combination of both glass and aramid
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fibers was chosen for the final configuration of a composite jacket. The number of layers per
sample is limited by the thickness requirement from the initial project proposal. With the
addition of core materials that will result in additional thickness, the total number of layers will
be currently limited to 12 for the initial comparisons. The effect of through thickness stitching in
the fabric layers is also studied due to the mechanical benefits provided.
The next variable to consider is the type of resin used for infusion. Due to its significantly
weaker mechanical properties when compared to other options, polyester resins were not tested
in this research. Epoxy composites perform better under higher impact loads, have stronger
bonds to the composite’s fibers, and higher average elastic modulus when compared to vinyl
ester. High strength epoxy also has a higher unit cost than vinyl ester and obtaining bulk
quantities for early sample production could be cost prohibitive. Therefore, the choice was made
to manufacture the samples made from both vinyl ester and epoxy to make comparisons between
the variables in this project.
The next decision that needs to be made before manufacturing is that of core materials.
From the literature review, it is known that the core material of a composite can improve both the
fire resistance and mechanical strength depending on the core material. For this project, the goal
of adding a core to the composite would be to increase fire resistant capabilities through a flame
retardant material and to increase the total energy absorption by allowing for additional inelastic
deformation within the sample. The choice of core material also should try to keep the additional
weight added by the core as low as possible and keep the total thickness of the composite to be
around 5/8”. This limits the choices to a thin layer of lightweight core material with low thermal
conductivity that can allow for deflection within the sample. Additionally, since the core material
will be placed between the fabric layers during infusion, the core must not inhibit the infusion of
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the sample. With these parameters in mind, the good choice for a core material that achieves
these objectives would be a lightweight insulating foam. Extruded polystyrene (XPS) was chosen
as a candidate for this application as it is composed of up to 98% air and has a very low thermal
diffusivity value. The polystyrene layers used in this research had a thickness of 0.225 in and a
density of 0.711 g/in3. However, extruded polystyrene foam has poor mechanical properties
which could lower the overall performance of the composite.
An alternate approach to choosing a core material is to instead choose one that tries to
optimize the impact resistance and overall energy absorption of the composite. For a lightweight
material that can allow the composite to deflect globally, an elastomeric bearing pad was chosen.
While not a typical choice for a composite core, a rubber elastomeric bearing pad can provide the
composite with a large amount of flexibility and shear deformation. Since this deformation can
be resisted by the aramid and glass fibers, the overall amount of energy absorbed under impact
should increase with the inclusion of the rubber core. The elastomeric pad used for this research
had a thickness of 0.125 in and a density of 21.86 g/in3.
5.2 Trial Infusion 1
The first infusions were large exploratory in nature with the focus being on learning the
process and confirming manufacturing techniques suggested by other research papers. This first
infusion was performed by infusing a single layer of 15” x 15” glass fabric. The glass fabric used
in this research is a bidirectional glass weave with a density of 0.231 g/in2. The Kevlar used in
this research has a density of 0.116 g/ in2 and was provided from Armor Holdings Aerospace &
Defense Group style-706 Shoot Packs in 15” x 15” sheets. Due to the availability of the Kevlar
sheets in this size, 15” x 15” was the chosen dimensions for the initial trial infusions as well as
the size to produce test samples for tension and bending. The 15” x 15” size plate allows for
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multiple 1” wide samples to be taken from one batch of infusion, allowing for more consistency
among the samples tested.
To initiate the infusion process, a suitable surface to perform the infusion is needed. From
the manufacturing procedures reviewed, the ideal surface is a large, flat, nonreactive surface that
won’t bond with the resin as it cures. Towards this goal, a large glass pane (30” x 40”) was
chosen. Next, a 15” x 15” layer of glass was cut making sure the cuts keeping the fiber
orientation to [0/90˚]. The glass layer was placed on the infusion table so an airtight environment
could be created around it. This is commonly done using a special type of sealant tape and plastic
peel ply. The sealant tape is a type of polyvalent putty that provides an airtight seal between two
surfaces, in this case the glass surface and the top peel ply. The peel ply layer is a thin plastic
film often coated in a type of releasing agent to prevent it from sticking to the resin during
curing. A perimeter of sealing putty is placed around the outside of the glass layer, with an offset
of 1” on the sides and 2” on the top and bottom. Before the peel ply laid on top, the tubing for the
resin inlet and vacuum outlet are then placed. From the literature review, it’s recommended to
spread the resin distribution across the entire width of the glass to promote an even flow front of
resin across the fabric. This is accomplished by attaching a smaller spiral cut tube to the end of
the inlet tubing and was placed directly above the top of the glass layers. Some other
methodologies also recommend including the distributing spiral tubing along the bottom of the
sample, but this was left out for this infusion process. The final step is to add a layer of flow
media on top of the glass sheets. This layer, cut to the same 15” x 15” sizing of the fabric, uses
specially designed unidirectional channels placed parallel with the direction of resin flow to
increase the speed and quality of the infusion. This layer can be removed after the resin is cured.
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The outlet tube is then connected to a resin catch pot using the sealant putty around the
connection to ensure no air leakages. The resin catch pot is used to prevent any resin that travels
through the outlet tubing from damaging the vacuum. The vacuum pump is then connected to the
resin catch pot. With the tubing in place, the peel ply can be applied to the surrounding perimeter
of putty. The application of the peel ply needs to be done carefully as any creases or wrinkles in
the plastic will highly affect the quality of infusion. Creases that span across the sample during
infusion act as regions of low pressure and friction when compared to the resin in the fabric.
Because of this, resin travels much faster in creases and allows the resin to skip portions of the
sample entirely. This action (also known as “highwaying”) disrupts the flow front, leaving the
regions near the end of the crease with excess resin and increases the number of voids in the
areas nearby the crease. The peel ply was not applied correctly in this first sample which caused
a crease (indicated in Figure 2) to be formed that spanned across the sample diagonally.

Figure 2. The manufacturing setup of Trial Infusion 1
with improper peel ply application
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Once the peel ply has been added, the vacuum seal is then checked before any resin is
introduced. This is done by sealing resin inlet and turning on the vacuum, removing the air from
the system. Any potential air leakages, which are common around the perimeter particularly near
tubing, can then be identified and sealed by applying pressure or adding additional putty. A
pressure gage attached to the vacuum pump is used to monitor the level of vacuum present
during the infusion. The initial readings before plugging any of the air leaks averaged around 20
inHg (508 Torr). From the literature review, a controlled, high-pressure vacuum provides the
best overall mechanical properties. After sealing the air leaks, the pressure peaked at 28 inHg
(711 Torr). In future infusions, it was found that 28 inHg serves as a good benchmark vacuum
pressure for the size of vacuum pump used in this project.
Once all air leaks were sealed, the resin can be prepared for infusion. While research
shows the epoxy resins will provide the best performance in terms of mechanical properties, high
material costs and limited supply prevented all samples from being infused with epoxy. Instead,
vinyl ester was used in combination to help compare the other composite variables. In this first
infusion, 1000 ml of vinyl ester resin was used. The vinyl ester used for this project is Stypol
040-8086 which is a pre-promoted unsaturated polyester laminating resin manufactured by
Polynt Group. This resin requires both an activator and an accelerator to start the curing process.
The activator used for this resin is NOROX Methyl ethyl ketone peroxide KP-925 (MEKP) from
United Initiators. 2.5% of the resin weight of MEKP is added to the amount of resin needed for
the infusion. This is then stirred using an electric mixing drill for three minutes or until
completely dispersed throughout the resin. The accelerator, Cobalt Naphthenate (Co ca. 8%)
from TCI Chemicals, is then added. The amount of cobalt added changes the speed at which the
resin curing process takes place, meaning the exact amount added varies depending on the
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desired cure time. A cure time of between 24 and 48 hours is recommended by the resin
manufacturer. Adding one drop of cobalt naphthenate per 200 ml of resin cures the resin within
this time frame. After 5 drops of the cobalt naphthenate is added to the resin, it is mixed again
for three minutes then the resin system is ready for infusion.
After the resin is prepared and the inlet tubing placed in the bucket, the first trial infusion
took place. This infusion highlighted several key factors relating to flow front that need to be
improved. When the vacuum was switched on, the resin began spreading evenly from the spiral
tubing, with the edges of the glass moving slightly faster than the center. The flow front fully
saturated the flow media and single layer of glass as it proceeded down the length of the fabric.
When the flow front reach the crease in the peel ply the resin was able to move much faster.
Figure 3 shows the spread of resin as time progressed, highlighting the effect of the crease.

Figure 3. A diagram illustration of the effect of the crease on the resin flow front

The resin began to significantly increase in speed as it reached the peel ply crease,
causing significant unevenness in the flow front. The exact infusion time was not recorded for
this batch of infusion but took between 5-6 minutes. Once the resin finally reached the end of the
fibers, the vacuum was turned off and the infusion was ended. Several papers from the literature
review suggest that controlling the pressure of the sample during curing can help maintain a high
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level of fiber volume fraction in the final sample. The easiest way to do this is to clamp both the
inlet and outlet tubing, which prevents the vacuum applied during infusion from returning to
atmospheric pressure. However, applying the clamps does not provide a 100% airtight seal, so
additional putty can be used to block the cut ends of the tubes as well. The sample was then left
to cure under this remaining vacuum for 24 hours. When checking on the sample after curing, the
peel ply and tubing can be removed to examine the sample up close. The cured sample had
bonded to the glass base plate and could not be removed without destroying the sample. Analysis
of the sample showed full saturation of the fabric near the resin inlet tubing and in the areas
around the peel ply crease. Closer to the outlet, the level of saturation varied significantly, with
the bottom corners of the fabric containing the significant regions of voids.
This first infusion confirmed several basic principles of infusion and demonstrated the
importance of proper setup. Firstly, it confirmed the importance of having an even resin flow
front. When one portion fabric becomes saturated before its surrounding areas, the resin flowing
to this area moves faster as the frictional resistance of the wetted fibers is lower than that of the
dry fibers. This faster flowing resin compounds the original problem, as the flow front begins to
move even faster into these advanced saturated regions. Therefore, even a small discrepancy in
the peel ply or infusion set up can lead to large variations in the flow front. Secondly, a layer of
mold release needs to be added to the glass plate before infusion to allow for easy sample
removal after curing as well as to allow for inspection of the bottom layers of the sample.
5.3 Trial Infusion 2
The next infusion was performed using a similar infusion setup as Trial Infusion 1 except
the total number of layers was increased to 12. The manufacturing setup was changed by placing
the inlet spiral tubing on top of the flow media and using a layer of mold release to allow for
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easy sample removal. To better document the flow front, pictures of the sample were taken at
intervals to show the progress, as given in Figure 4.

Figure 4. Photos showing the flow front progression in Trial Infusion 2

The most notable change from the previous infusion is the more even flow front of resin
during the infusion and the increased duration of the infusion. Pictures of the flow front were
taken for the first 100 minutes after the infusion began, with the infusion reaching the outlet port
at around the 130-minute mark. Even though there is a small crease that formed on the peel ply,
the flow front only deviates on the sides of the sample. Unlike the previous infusion, two
different flow fronts can be seen progressing through the glass layers (Figure 5).
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Figure 5. The primary (orange) and secondary (blue) flow fronts of
Trial Infusion 2

The primary flow front represents the initial saturation of the flow media as it becomes
partially translucent when wetted. The secondary flow front, offset behind the primary, indicates
when all twelve layers of the glass fabric become fully saturated. This full saturation flow front
is less even than the primary front and joins with the primary front near the edges of the
specimen. The discrepancy between these two flow fronts reveals the flow media distribution of
resin across multiple layers of fabric. Since the spiral tubing which distributes the resin is placed
on top of the flow media, the resin tends to follow the path created by the flow media and move
across the top of the fabric first. This is the flow represented by the primary flow front. The resin
then begins to permeate into the flow media and soak down into the layers below. This vertical
saturation of the remaining layers takes much more time, resulting in the full saturation flow
front lagging behind the first. This reveals that in any specimen with more than one layer, the
flow front of resin is three-dimensional. Another observation from this infusion is that as both
the primary and secondary flow fronts neared closer to the end of the infusion, the distance
between the two decreased. A cross section of Trial Infusion 2 is shown in Figure 6 showing how
each flow front is formed.
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Figure 6. Diagram illustrating the primary and secondary flow fronts in Trial Infusion 2

5.4 Trial Infusion 3
The final infusion trial had twelve total layers, but with the inclusion of aramid fibers.
Since the maximum number of layers is limited to twelve at this stage in the research, eight glass
and four aramid layers were chosen for this composite (Figure 7). These amounts were chosen so
the stacking sequence of layers could have each layer of Kevlar surrounded by two layers of
glass.

Figure 7. The stacking sequence of the glass
(gray) and Kevlar (yellow) layers
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This configuration was specifically chosen to try and alleviate bonding difficulties of
aramid with glass, a material that forms strong bonds with the resin matrix. This stacking
sequence was used consistently throughout the research for all 8 glass 4 Kevlar samples.
The manufacturing parameters were also slightly different in this final trial infusion
(Figure 8). As recommended by several manufacturing setups in the literature, a “break zone”
was used between inlet and outlet tubing instead of having both tubes be placed in direct contact
with the top and bottom of the sample. Additionally, to help promote the resin flow from the
inlet spiral tubing, the tubing was stretched and taped down to allow for larger gaps between the
spirals.

Figure 8. Infusion setup of Trial Infusion 3

The resulting infusion process was vastly different from the previous 12-layer infusion
and reached the end of the sample under 2 minutes. This is attributed to the increased amount of
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resin flow due to larger gaps in the spiral tubing. The flow front observed in Figure 9 was more
even across the width of the specimen apart from some slight race tracking on the edges of the
sample. This race tracking led to center bottom of the fabric being the last to be infused.

Figure 9. The progressing flow front of Trial Infusion 3

While the primary flow front appears to be the only one visible in this infusion,
increasing the contrast on the sample photos reveals a secondary flow front similar to the last
infusion (Figure 10).

Figure 10. The primary (orange) and secondary (blue) flow fronts of Trial
Infusion 3
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Unlike the previous all glass infusion, the secondary flow front on this sample only
indicates the saturation of the top glass layer, as the aramid fibers remain opaque when wetted.
As there was no other visual indicator as to the level of saturation of the layers below the
topmost Kevlar layer, the infusion was left to run for an additional five minutes after both flow
fronts reached the end of the fibers before clamping. The specimen was then left to cure for 24
hours. Upon removal of the cured composite from the base plate, large patches of unsaturated
fibers were found near the outlet side of the composite, as seen in Figure 11.

Figure 11. Reverse side of Trial Infusion 3
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Even though from the surface of the infusion the sample looked completely infused, the
aramid layers prevented visual inspection of the bottom layers of the composite. Therefore
moving forward, a minimum infusion time of 30 minutes was used for 15” x 15” samples as well
as a visual inspection of the bottom surface of the fibers to ensure complete saturation.
5.5 Additional Tests
Through additional testing, it was found that there were several other techniques to
ensure a completely saturated sample when dealing with 12 layers or more in a single infusion.
The first is the inclusion of spiral tubing extending from the outlet as well as the inlet. This
change was recommended by some of the papers from the literature review and provides a more
even distribution of pressure. This particularly helps saturate the bottom corners of the composite
as previously these areas were the last to be saturated except in the case of side resin retracking.
For method of infusing the bottom layers at the same rate as the top, a layer of flow media can be
placed underneath the stack of fabric. This method provides the resin with an alternate pathway
for traveling that is not simply flowing over the top and saturating down through each layer. This
provides significant advantages for infusion time as the resin flow fronts at both the top and
bottom move more in sync with each other. Because resin first saturates through the top layer of
flow media to get to the bottom layer and that resin permeating through the bottom layer must
work against gravity, the flow front provided by the bottom layer of flow media is located
between the top primary and the secondary flow fronts (Figure 12).
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Figure 12. The flow fronts of a double flow media infusion

Two layers of flow media allow the flow front to be more uniform in both the depth and
width directions, resulting in a higher quality infusion. The exact modeling of these flow fronts
and how the speed of infusion can be calculated depending on the makeup of the composite will
be performed as a continuation of this research. The downsides of this infusion method is that it
is not applicable for the in situ application of the composite jacket. Since the layers of flow
media need to be removed after infusion, a layer placed on the bottom of the infusion fabrics
would not be able to be removed since the composite would then be permanently bonded to the
side of the rail tank car. Unless a different type of consumable flow media could be used in the
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field, the higher quality results from using a bottom layer of flow media is not indicative of the
results achievable during the in situ application. Therefore, the use of double flow media will be
incorporated only in some select test samples to understand it’s influence on mechanical
properties.
5.6 SEM Analysis
Due to the complexity of the infusion process, more data is needed on how the resin
permeates into the different layer types of the composites. The best way to analyze the quality of
infusion is by the analysis of the cross section. A normal camera and microscope does not
provide the zooming power needed to view the resin between the individual fibers of the fabric,
so a scanning electron microscope (SEM) was used to capture these images. Four 0.5” x 0.5”
samples were cut from the same four glass, eight Kevlar vinyl ester resin infused sample. These
samples were then taken to the WVU Shared Resources Facility where they were polished, then
sputtered with a 10 nm layer of metallic material to for the SEM images to be taken.

Figure 13. SEM cross section of the composite
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Figure 13 shows the full cross section of the composite at 35x zoom, where three distinct
types of layers can be seen. The very top layer above the top row of fibers is a thin layer of resin
remaining from the infusion. The jagged shape is due to the flow media being left on during the
curing process. The layer immediately below this is a layer of glass fabric. This is evident by the
cross-weave pattern and the extremely thin individual fibers of the fabric. Below the glass layer
is the much thicker layer of Kevlar. Each Kevlar layer is not only substantially thicker than the
surrounding glass but has a much more distinct cut pattern. In all of the SEM pictures taken, this
“smearing” pattern of Kevlar continues. This pattern makes it seem as if the Kevlar layers are
one homogenous material but are really a result of the way each sample was cut. By looking
closer at Kevlar at 200x zoom (Figure 14), the “smeared” outer surfaces is really each aramid
fiber being pressed together during the action of cutting each sample.

Figure 14. SEM 200x and 500x magnification images of the Kevlar fibers
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Figure 15. SEM images of resin permeating the glass fibers

A higher zoom and contrast photo of the section of glass is shown in Figure 15. Again, a
thin layer of resin remains on the top of the surfaces and begins to penetrate the space between
the individual fibers themselves demonstrating why the glass layers infuse so much easier than
the Kevlar.

Figure 16. SEM image of top glass delamination
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Figure 16 shows a sample’s top glass layer beginning to separate from the Kevlar layer
below. While delamination of layer of glass and Kevlar is common without any stitching, it was
enlarged in this particular sample because of the cutting and handling of the small sample. By
taking a closer look at the glass layer peeling off in Figure 17, the amount of resin permeating
between the individual fiber layers can be seen. The most notable item here is the lack of resin
on the outside of these fiber bundles, indicating the difficulty that resin has flowing through these
in-between regions,

Figure 17. SEM 50x and 200x glass weave images
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Figure 18. SEM images highlighting a micro-delamination

Figure 18 shows a different specimen around the area between fibers reveals an area of
delamination. By zooming in close to a gap between the weave in the glass fibers, an area made
entirely of resin is located. Zooming further into the gap between the glass and resin reveals
grooves that roughly match the shape and direction of the horizontal glass fibers below. This
suggests that this resin and fiber areas were once bound and have since delaminated.
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One final set of SEM pictures (Figure 19) was taken of the outer edge of the composite
instead of taking a cross section. The most immediately noticeable difference is the excess
amount of resin across the surface, indicating that even with a quality infusion the outer surface
will still have a higher ratio of resin when compared to the interior.

Figure 19. SEM images of the composite outer edge
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5.7 Trial Curvilinear Sample
The final step in establishing the manufacturing process is accounting for the biggest
difference in the test sample and the final composite wrap: the curvature in the tank car. While
infusing samples with complex geometries is common in some VARTM processes, ensuring a
consistent void content across the specimen becomes a more difficult task. The increased
difficulties of modeling the flow across the 3D surface as well as the lack of relevant literature
on the topic raises concern about transferring the properties established in the simpler setup to
the in situ application of the composite wrap. To help address this and to help learn more about
the in situ application in general, curvilinear test samples were produced.
The infusion of the first curvilinear sample was done using 12 layers of glass to allow for
visual inspection of resin rich and resin lacking areas. The infusion was performed using a half
bucket as the curve mold (Figure 20). Besides replacing the normal glass base plate with a
curved surface, the rest of the infusion process followed the same procedures as normal.

Figure 20. Curvilinear manufacturing setup
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The surface was coated with a layer of mold released, the fabric layers were placed on the
outside of the bucket with a perimeter of sealant putty, and the inlet and outlet tubing is placed.
At this stage of infusion, spiral tubing was only placed at the resin inlet, so the outlet was a
single tube placed at the midpoint of the sample. Flow media and the outer peel ply were then
placed, and the infusion began.
During the infusion the resin flowed across the flow media well at the start but resin
began to pool on the sides of the mold as the infusion continued. The resulting glass composite
sample had resin rich areas on the edges. The single outlet port on the middle of the sample
could not pull the excess resin from these regions and led to significant voids visible in the center
areas of the sample. In Figure 21, the green areas indicate the resin rich areas along each side
with the red regions indicating areas with significant voids. The result of this trial infusion shows
some of the difficulties presented from a curvilinear infusion as the flow of resin becomes much
more difficult to control. One way to counteract this would be to apply a spiral outlet tubing
across the bottom and sides of the sample. This would allow for the excess resin on the sides to
be removed from the composite and also provide a more even overall pressure distribution in the
system.

Figure 21. Resin rich (green) and resin poor (red) regions of the curvilinear sample
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6. TENSION TESTS
6.1 Introduction
The tension testing of the composite samples was the first ASTM comparative test
performed to determine the quality of samples produced. Tension tests were chosen as the
preliminary evaluation method for the ease and accessibility of the test mechanics and the wide
variety of information obtained from one test. Additionally, multiple samples could be obtained
from a single infusion allowing for more comparable test results. The test procedure follows
ASTM D3039/D3039M, the standard testing method for the tensile properties of polymer matrix
composite materials. The samples were cut to shape from the infusion, then metal grip tabs were
applied to prevent the sample from slipping during the test. The sample is then placed into the
clamps of the testing device, an Instron 8501 hydraulic testing machine (Figure 22).

Figure 22. Instron 8501 hydraulic testing machine with a
tension test sample
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Once the sample is in place, the testing machine can be turned on and the machine grips
begin to slowly separate, putting the sample in tension. The moving grips create a slowly
increasing tension force in the sample while the position and force of the grips are continuously
recorded by the data acquisition system with a frequency of 10 Hz. Once the tension sample
fails, the ultimate failure force is recorded, and the test is concluded. Using the data recorded
from this test, the maximum tensile strength, tensile modulus of elasticity, and total energy
absorbed from the test can be calculated.
The ASTM standards were followed to create the test samples for the test methodology.
To provide a baseline for comparison, the first set of tension samples are composed of 12 layers
of glass fibers. The standards do not give a strict dimensional guideline for the size of each
sample, with the only requirement being that the length is larger than twice the width plus the
length of both gripping tabs. Since the size of the glass fabric layers to be infused is 15” x 15”,
using a sample width of one inch allows each sample to pass the given guidelines. After infusing,
it was found that the areas near the inlet and outlet had more voids than the more consistent
center region. To alleviate this, the top and bottom 0.25 inches of each sample were trimmed.
This left the final nominal sample dimensions to be 14.5 inches in total length, 1 inch wide, and a
thickness varying between 0.15 to 0.2 inches depending on the test group. The actual length,
width, and thickness of every sample was recorded before testing.
The tabs used to reinforce the ends of each sample are 1” x 3” x 1/8” steel tabs with
multiple holes drilled through them to allow the adhesive more contact area (Figure 23). The
adhesive used to attach the tabs to the composite was Pliogrip, a high strength structural adhesive
designed for use with composites. The adhesive was applied to the tabs then clamped aligning
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with the end of the sample. After curing for 24 hours, the excess adhesive is sanded off and the
samples are ready for testing.

Figure 23. Metal grip tabs used to strength the ends of the tension samples

The final step before beginning the production and testing of composite samples was to
create a nomenclature to help clarify the different variables each sample included (Figure 24).
Each specimen ID uses a one or two letter combination to denote the following variables in each
sample’s composition: flow media status during infusion, number of glass layers, number of
Kevlar layers, core material, type of resin, presence of stitching, and fabric orientation. An
additional number is added after a tick mark at the end of the ID to specify individual samples
composed of the same variables. A figure showing a breakdown of this naming convention is
show in Figure 24. Due to the lengthy nature of these specimen ID’s, the samples are also
referred to by their shorter sample test numbers.
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Figure 24. Specimen naming convention diagram

6.2 Tension Test Group 1
The first set of samples tested were composed of twelve glass fiber layers infused with
vinyl ester resin and were labeled as Tension Test Group 1. These samples were unstitched and
infused with flow media on top. No Kevlar was used in this first test group to provide a baseline
for comparison. Four specimens cut from the same infusion sample were tested under tension to
ensure the accuracy of the results. Before each sample was placed into the machine, the width,
thickness, and length of each sample was recorded. All samples were tested at a constant rate of
0.1695 inches per minute until failure. The position and load applied to a sample is recorded
every 0.1 seconds, and the test data were exported to an excel spreadsheet for further mechanical
property evaluations.
From the data several mechanical properties of each sample can be calculated. The max
tensile force can be found from the machine data. The maximum tensile strength of each sample
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can be found by taking the max tensile force from each test and dividing it by the measured area
of each sample. From the literature review, it is known that these tensile values provide a good
sense of the overall mechanical strength in each sample. However, maximizing tensile strength is
not the main objective for this research. Instead, finding out the amount of energy that can be
absorbed in tension during these tests is the more valuable metric from the viewpoint of energy
absorption without puncture. To find this, first a stress vs strain plot must be made of the original
data. The stress can be found at each point by dividing the load applied by the cross-sectional
area of each sample. The engineering strain can be found by finding the change in position at
each point and dividing by the original length of each sample. Figure 25 shows what the stress vs
strain values plotted against each other for each sample in Tension Test Group 1.
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Figure 25. Tension test group 1 stress strain curves
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Before moving forward with the Figure 25 data analysis, the accuracy of the data must be
verified first. The strain found in the above graph was done using the crosshead displacement of
the machine grips and does not directly measure the strain experienced by the sample. This
method provides a reasonable approximation, but any slippage of the sample from these grips or
material deformation could possibly invalidate the strain values obtained this way. To verify the
integrity of strain measurements obtain from the Intron testing machine itself before moving
forward, the values are compared to those found from applied strain gages, which provide much
greater accuracy. The strain gages were placed in the center of each sample, oriented parallel to
the tensile force as can be seen in Figure 26.

Figure 26. Strain gage attached to
tension sample
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The strain gage is connected to a laptop running StrainSmart software to record the data.
When testing the tension samples with strain gages applied, both the testing machine and the
StrainSmart software were started in sync to ensure an accurate comparison between the two.
The strain software was also set to record data every 0.1s to match the rate of the testing
machine. Once the test began, the strain software recorded data until the delamination- of outer
layers. Since the strain gage can only measure the strain of this outer layer, the data cannot be
recorded past this point. This is another reason that the machine strain data verification is
important, as it allows for a way to measure the strain after this initial failure/delamination.
Figures 27 and 28 show the initial slope of the machine strain data and gage strain data.
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Figure 27. Machine strain data vs stress curve 1
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Figure 28. Gage strain data vs stress curve 1
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After adjusting the units of strain for both devices, the two strains are plotted against each
other in Figure 29.
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Figure 29. Machine and adjusted strain vs stress curve 1

Machine Strain Data vs Adjusted Strain Gage Data 1 Full
Machine Strain

Adjusted Gage Strain

16000

Stress (psi)

14000
12000
10000
8000
6000
4000
2000
0

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0.11

Strain
Figure 30. Full machine and adjusted strain vs stress curve 1
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To give additional perspective on the two strain values obtained by two different
methods, the entire plot from machine strain is shown in Figure 30. The two strain values match
closely, except for the initial strain values below 0.005 and a slight separation after the drop in
strength around a strain value of 0.025. The initial incongruency is likely due to a nature of the
Instron testing machine where the grips may be tightening until about 0.005 strain. When the test
specimen is put into the holding clamps of the machine and tightened, the Instron machine
records a small amount of initial load (~20-40 lbs). This initial load holds as the strain builds
until the applied load is larger than the initial value, at which point the recorded load begins to
increase. Table 1 shows a sample of raw data illustrating this point. This explains that the initial
stress hovers above 0 in the machine strain curve, creating the gap seen in Figures 29 and 30.
The difference after the first drop in strength is due to a partial delamination in the outer layer,
Table 1. Raw tension data at the
beginning of a tension test
Load (lb)
Stress (psi)
Position
Strain
30.42
160.09
-1.3520
0.00200
30.18
158.85
-1.3517
0.00203
31.35
165.01
-1.3513
0.00208
30.42
160.09
-1.3510
0.00211
31.47
165.63
-1.3508
0.00213
32.64
171.79
-1.3505
0.00217
32.29
169.94
-1.3503
0.00219
31.82
167.48
-1.3500
0.00223
30.18
158.85
-1.3498
0.00225
28.31
149.00
-1.3495
0.00229
29.13
153.31
-1.3492
0.00232
31.47
165.63
-1.3490
0.00234
35.80
188.43
-1.3487
0.00238
37.32
196.43
-1.3483
0.00243
40.72
214.30
-1.3483
0.00243
42.47
223.54
-1.3480
0.00247
44.46
234.01
-1.3477
0.00250
48.91
257.43
-1.3475
0.00253
54.06
284.53
-1.3473
0.00255
58.04
305.48
-1.3470
0.00258
66.12
347.99
-1.3469
0.00259
71.50
376.33
-1.3465
0.00263
77.00
405.28
-1.3462
0.00267
82.97
436.70
-1.3460
0.00270
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resulting in that layer only resisting the load, but with a lower effective cross-sectional area. Two
additional tests were performed on the same sample type to confirm these results (Figures 31 and
32).
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Figure 31. Machine and adjusted strain vs stress curve 2
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Figure 32. Machine and adjusted strain vs stress curve 3
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To check the actual accuracy of the machine strain data to the strain gage data, the tensile
modulus of elasticity is calculated by finding the slope in each strain chart between strain values
of 0.01 and 0.02 and the error between the two values can be compared (Table 2).
Table 2. Measured Modulus of Elasticity Comparison

Sample

Machine Strain E Adjusted Strain Gage E
% Difference
1
5.80E+05
5.72E+05
1.4%
2
5.85E+05
5.50E+05
5.9%
3
5.62E+05
5.64E+05
0.3%

From the data comparison, the machine strain matches the strain gage values accurately
in initial elongation of the sample with an average error of 2.5%. Therefore, the machine strain
data will continue to be used to both plot the stress vs strain curves and calculate the mechanical
properties.
By referring back to Figure 25, the remainder of relevant mechanical properties can be
found. The tensile elastic modulus is calculated by finding the slope of the initial elongation of
each sample. The total amount of energy absorption can be found by calculating the area under
each curve. Since the primary objective of this research is to maximize the performance of the
composite under high energy impact forces, the energy absorption is the most important metric
obtained from test. This measurement can be normalized by dividing with the thickness of each
sample, resulting in the amount of energy absorbed per unit thickness. The mechanical properties
values calculated for each sample in the first round of tension tests are summarized in Table 3.
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Table 3. Tension Test Group 1 Mechanical Properties

Tension Test Group 1: Group ID = 12GNCVENS
Sample ID

Group
Number

Max
Tensile
Force (lb.)

Max Tensile
Strength (psi)

Tensile Elastic
Modulus (psi)

Energy
Absorption
(psi)

Energy per
unit Thickness
(psi/in)

12GNCVENS'1

1.1

4,021.1

24,509.5

6.20E+05

499.9

2,666.4

12GNCVENS'2

1.2

5,079.8

30,962.6

9.73E+05

640.3

3,415.1

12GNCVENS'3

1.3

4,854.3

29,588.6

1.04E+06

592.4

3,159.4

12GNCVENS'4

1.4

4,468.6

27,237.5

9.46E+05

480.2

2,561.1

4,605.9

28,074.5

8.95E+05

553.2

2,950.5

AVG

Figure 33. Failure modes of glass tension
samples

Analyzing the graph from Figure 25 shows the typical failure mode of the glass only
composite samples during the tension testing. The failure is a sudden breaking of multiple layers
at once, usually occurring near the ends of one of the metal tabs, as can be seen in two samples
from Group 1 in Figure 33. The majority of the layers fail at once in these samples,
demonstrating the high level of cohesion between each layer. In the locations of a partial loss in
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strength, such as what happened to Sample 1.1 at a strain value of 0.03, an audible crack was
heard. This sound is due to a portion of the resin debonding from one or more layers of glass.
This de-bond does not result in a total loss of strength but does prevent the two layers from
resisting the load in unison. In Samples 1.3 and 1.4, large delaminations can be seen before the
ultimate failure of the sample. In these cases, the debonded layers no longer resisted any load,
leaving the tensile force to be carried by the remaining layers. The resulting composite has a
much lower capacity causing it to fail soon after delamination.
6.3 Tension Test Group 2
Now that baseline mechanical properties have been established from Tension Test Group
1, aramid fabric is introduced to evaluate property changes. The samples in Tension Test Group
2 were made using eight layers of glass fibers and four layers of Kevlar arranged in the standard
configuration described in the manufacturing section. These samples are unstitched, contain no
core material, and were infused using only single layer of flow media (Figure 34).

Figure 34. Comparison between Tension Test Group 1 and 2 samples
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When these samples were cut to specific length for testing as per the ASTM guidelines, a
significant amount of interlaminar shearing occurred around the edges of the samples. During the
process of applying the tabs, curing, and moving them into the testing machine, several of the
samples began to completely delaminate and became unusable to test. This highlights the
importance of keeping a high level of interlaminar shear strength not only for its mechanical
advantages, but also to ensure that these composite coupons can survive handling and application
in the field. From the samples that were tested, the following mechanical properties were found
and a stress vs strain curves are shown in Figure 35 and Table 4.
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Figure 35. Tension Test Group 2 stress vs strain curves

58

Table 4. Tension Test Group 2 Mechanical Properties

Tension Test Group 2: Group ID = 8G4KNCVENS
Sample ID

Group
Number

Max
Tensile
Force (lb.)

Max Tensile
Strength (psi)

Tensile Elastic
Modulus (psi)

Energy
Absorption
(psi)

Energy per
unit Thickness
(psi/in)

8G4KNCVENS'1

2.1

4,037.9

16,699.4

5.00E+05

768.4

4,087.1

8G4KNCVENS'2

2.2

3,647.1

15,083.0

1.16E+06

810.5

5,034.0

3,842.5

15,891.2

8.30E+05

789.4

4,560.6

AVG

Although data from only two of the samples in Tension Test Group 2 were obtained,
comparisons can still be made between the results of Group 1 and Group 2. The most important
distinction between the two samples is the differences in the failure mechanism evident by the
stress strain curves in Figure 35. The test samples from Group 1 either failed uniformly or
underwent a large delamination right before ultimate failure of the sample. As evident from
Figure 35, there are two distinct peaks are noted. Before the first drop, both the glass and Kevlar
layers in the sample act in unison, distributing the load evenly. However, due to the difference in
material strength between glass and Kevlar, some layers of the glass fabric fail before the
aramid, resulting in a large loss of strength. The load is then transferred to the remaining Kevlar
and glass fibers as the amount of stress in the sample begins to increase again. However, due to
the delamination caused by the initial failure, the amount of interlaminar shear strength left in the
sample is significantly reduced. The individual Kevlar layers in the fabric, which were partially
held in place by the surrounding glass fibers, begin to slip and separate from the machine grips,
resulting in the second, less steep loss of strength. This process repeats as more and more of the
glass layers fail, leading to a plateau. Eventually, with enough layers either breaking or
debonding from the resin, the sample loses all tensile strength, and the test is stopped.
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The delamination or breaking of every layer in the aramid is also evident by analyzing
the failed specimen, such as in Figure 36. This method of failure, where the layers of the sample
fail more independently rather than as a whole is much more beneficial to the overall goal of the
composite where energy absorption is more critical to prevent puncture than the high strength
with low strain. An extended decreases in strength before failure provides a significant amount
of energy absorption and extends the life of the sample’s strength, a beneficial trait considering
the composite needs to stay intact for as long as possible during the event of an impact. While
the maximum tensile strength of these samples is less than those of Group 1 due to the fibers in
Group 1 acting in unison, Group 2 had a 43% larger energy absorption and more favorable
failure mode demonstrating Kevlar’s effectiveness in the composite.

Figure 36. Failure mode of
Tension Test Group 2 samples
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6.4 Tension Test Group 3
The goal of the Tension Test Group 3 was to measure the differences in performance
between epoxy and vinyl ester resin. To do this, the same infusion and layer configuration from
Group 2 was used except with epoxy resin. The interlaminar shearing of the samples was
noticeably less significant during the handling and testing process. The resulting mechanical
properties are shown in Table 5 and the stress vs strain values are plots in Figure 37.
Table 5. Tension Test Group 3 Mechanical Properties

Tension Test Group 3: Group ID = 8G4KNCERNS
Sample ID

Group
Number

Max
Tensile
Force (lb.)

Max Tensile
Strength (psi)

Tensile Elastic
Modulus (psi)

Energy
Absorption
(psi)

Energy per
unit Thickness
(psi/in)

8G4KNCERNS'1

3.1

2,789.7

10,218.7

8.18E+05

803.0

4,956.5

8G4KNCERNS'2

3.2

2,960.0

11,984.0

9.62E+05

800.3

5,162.9

8G4KNCERNS'3

3.3

3,637.2

15,123.6

7.52E+05

963.7

6,455.0

3,129.0

12,442.1

8.44E+05

855.7

5,524.8

AVG
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Figure 37. Tension Test Group 3 stress vs strain curves
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The samples tested from Group 3 performed differently from those in Group 1 or 2. In
terms of tensile strength, the epoxy resin performed worse than the equivalent samples made
with vinyl ester in Group 2. This is because in tension the load largely resisted by the fibers and
not the resin. The effect of the resin change is most evident in the stress vs strain curve, i.e.
epoxies are more brittle with lower strain to failure when compared to vinyl esters. Similar to
Group 1, the failure of the sample is primarily localized around a single drop in strength.
However, unlike the all-glass sample’s performance, the samples in Group 3 do not lose all
strength at this failure. After this initial drop, the sample continues to resist load, dropping again
when there is a delamination or fiber slippage, more akin to Group 2’s performance. Both of
these changes are due to the increase in bond strength provided by the epoxy resin. By providing
a large amount of cohesion between the glass and aramid fibers, more layers tend to act in unison
in the epoxy samples than the vinyl ester samples. This means that when the fibers first begin to
break, multiple layers of the composite break at the same time resulting in a similar initial drop
like that of Group 1. However, similar to Group 2, the remining Kevlar layers still provide
strength after this breakage which increases the average energy absorption to be 8.4% larger than
that of Group 2. The combination of these two properties led to Group 3 having the highest
average energy absorption out of any test group and demonstrates the effectiveness of epoxy
when making hybrid composites.
6.5 Tension Test Group 4
Tension Test Group 4 was the first test group that used through thickness stitching as a
method of increasing the interlaminar shear strength of the samples to enhance overall energy
absorption. To do this, the standard eight layers of glass and four layers of Kevlar were cut to
size and stacked in the correct sequence. Then, these samples were thru-thickness stitched using
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an industrial Dürkopp Adler 204-370 sewing machine. The samples were stitched using 2 and 4
denier aramid thread for the bobbin and spool respectively. To ensure that each sample had a
single line of stitching down its length, the fabric was stitched with 1” spacing. The fabric was
then infused following the same procedures as the previous groups with no core material and a
single layer of flow media. Figure 38 shows the fabric stack before and after infusion.

Figure 38. Tension Test Group 4 before and after infusion

Some areas near the bottom of the fabric stack did not fully infuse, but five test samples
were still able to cut and tested from the sides of the infusion. Table 6 and Figure 39 were made
from the resulting data.

63

Table 6. Tension Test Group 4 Mechanical Properties

Tension Test Group 4: Group ID = 8G4KNCVES
Sample ID

Group
Number

Max
Tensile
Force (lb.)

Max Tensile
Strength (psi)

Tensile Elastic
Modulus (psi)

Energy
Absorption
(psi)

Energy per
unit Thickness
(psi/in)

8G4KNCVES'1

4.1

2,856.0

15,231.8

4.84E+05

525.0

2,799.9

8G4KNCVES'2

4.2

2,828.8

26,333.7

7.32E+05

1052.4

6,735.4

8G4KNCVES'3

4.3

2,837.0

15,618.8

4.86E+05

575.8

3,070.8

8G4KNCVES'4

4.4

3,026.6

19,995.4

6.36E+05

847.5

5,423.8

8G4KNCVES'5

4.5

2,078.1

12,480.9

3.25E+05

449.0

2,612.2

2,725.3

17,932.1

5.33E+05

689.9

4,128.4

AVG
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Figure 39. Tension Test Group 4 stress vs strain curves
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In terms of maximum tensile force resisted, Group 4 resisted the lowest amount on
average out of any test group so far. However, in terms of maximum tensile strength, Group 4
had a 12.8% higher maximum tensile strength than Group 2. The increased strength of these
sample comes from the compaction that was a result of the sample stitching as the process of
stitching each layer together compressed the layers, reducing the overall thickness. This reduced
thickness results in a smaller cross-sectional area, increase sing the maximum tensile strength of
the group overall. The literature review confirms this (Hamadi 2005), as several studies found
that applying compaction to the layers before infusion reduces the amount of entrapped air
before the resin is infused. Another notable property change is the significant reduction in elastic
modulus found in these samples. This again is due to the stitching, as the perforations created
during sewing create rows of small gaps in the areas around the thread. These perforations
slightly decrease the strength of each layer and allow for extra elongation of the sample, resulting
in a 35% reduction in elastic modulus compared to Group 2.
The stress vs strain curve closely resembles the results from the epoxy infused samples in
Group 3, which is expected considering both test groups contained an additional variable that
increased the ILSS of the composite. From these groups, it can be determined that higher levels
of shear strength in the composite lead to larger initial drops in strength during testing. However,
as long this initial drop is not a final failure of the sample (as seen in Group 1), the remaining
fibers are still able to resist load leading to a larger amount of overall energy absorption.
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The ability of stitching to allow cohesion after failure is also evident when comparing the
failed samples to those Group 2 after testing (Figure 40). In both sets of images, the sample of
the left from Group 4 shows evidence of severe delamination but is ultimately held together by
the through thickness stitching. The samples on the right from Group 2 show how the lack of
cohesion allows each layer separate completely through the gripping tabs, leaving the tensile
load to only be resisted by the few layers that remain in contact or by the frictional force
resulting from tightening the clamps.

Figure 40. Comparison of stitched vs non-stitched tested samples

6.6 Tension Test Group 5
From the relationship between interlaminar shear strength and the overall tensile energy
absorption, better understanding has been attained from the data from the previous four test
groups, Tension Test Group 5 begins to explore the benefit of incorporating core materials into
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the final design of the composite. As explained in the manufacturing section, two different types
of core materials are tested in tension. The first one of these core materials is a type of extruded
polystyrene (XPS) foam chosen for its low density and flame-resistant capabilities. Although the
foam has poor mechanical properties, the additional thickness provided at a minimal increase in
unit weight allows for more deformation in the top layers of the composite. Therefore, even if
the additional of XPS as a core material results in a decrease in mechanical properties found
during the tension test, it still may serve as a viable option for impact and puncture resistance
tests.
The manufacturing of the samples in Tension Test Group 5 followed the same procedures
as the previous test groups, including the standard fabric layup of eight glass and four Kevlar
layers and a single layer of flow media. For Group 5, a 15” x 15” layer 0.2” thick XPS foam was
placed in the center of the fabric configuration, keeping the total stacking sequence symmetrical
around the core. During the infusion process, it was noticed XPS foam was absorbing a
significant amount of resin. No extra resin was prepared for this infusion, and while all areas of
the cured composite were saturated, some areas seemed resin dry when compared to previous
infusions. As the foam became saturated, it also became slightly more compressible and began to
decrease in thickness during the infusion process. When the composite was fully cured and cut to
sample length for testing, it was found that the polystyrene core had reduced in thickness even
more during the resin curing, to the point where the XPS foam could barely be seen from a side
profile. Table 7 shows the mechanical properties measured from Tension Test Group 5 and
Figure 41 shows the stress vs strain plot for each sample.
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Tension Test Group 5
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Figure 41. Tension Test Group 5 stress vs strain curves

Table 7. Tension Test Group 5 Mechanical Properties

Tension Test Group 5: Group ID = 8G4KPSVENS
Sample ID

Group
Number

Max
Tensile
Force (lb.)

Max Tensile
Strength (psi)

Tensile Elastic
Modulus (psi)

Energy
Absorption
(psi)

Energy per
unit Thickness
(psi/in)

8G4KPSVENS'1

5.1

3,233.9

14,999.6

3.78E+05

667.4

3,033.6

8G4KPSVENS'2

5.2

2,897.5

15,250.1

5.83E+05

719.8

3,599.1

8G4KPSVENS'3

5.3

2,257.0

11,285.0

5.26E+05

412.2

2,060.8

2,796.1

13,844.9

4.96E+05

599.8

2,897.8

AVG

Analysis of the tested samples revealed the influence of XPS core material on mechanical
properties including energy absorption. Figure 42 shows that the polystyrene foam had dissolved
between its two surrounding layers of glass, leaving the remains bonded to the glass surfaces.
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The two glass surfaces surrounding one of the foam cores was cut to give a better understanding
of the resulting core.

Figure 42. Failed samples from Tension Test Group 5 and removed polystyrene layers

The samples from Group 5 performed worse in all tested mechanical properties when
compared to Group 2. The maximum tensile force is comparable to that of Group 4, but due to
the increased thickness of the samples, the polystyrene core reduced the tensile strength by
12.9%. The total energy absorption and absorption per unit thickness were the lowest out of any
sample containing Kevlar layers. The tensile elastic modulus was also the lowest out of any test
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group. The poor mechanical properties obtained from this sample group are not only because of
the low material strength of the polystyrene foam, but due the foam core’s absorption of resin
during the infusion process. The XPS foam soaked up resin that was supposed to saturate the
surrounding fibers, leading to more voids in the final composite. This would explain why this
sample had such low tensile modulus, as the stiffness of the composite is entirely provided by
curing of the resin.
6.7 Tension Test Group 6
The final tension test group included an elastomeric pad core in each sample. Due to the
permeability of the elastomeric pad, it was decided to use double flow media for Group 7.
During infusion, the elastomeric pad did not shrink or absorb any resin, although there was some
slight discoloration of the resin. Figure 43 and Table 8 show the stress vs strain curve and
mechanical properties for Tension Test Group 6.

Tension Test Group 6
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Figure 43. Tension Test Group 6 stress vs strain curves
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Table 8. Tension Test Group 6 Mechanical Properties

Tension Test Group 6: Group ID = DF8G4KEPVENS
Sample ID

Group
Number

Max
Tensile
Force (lb.)

Max Tensile
Strength (psi)

Tensile Elastic
Modulus (psi)

Energy
Absorption
(psi)

Energy per
unit Thickness
(psi/in)

8G4KEPVENS'1

6.1

3,398.9

12,450.1

2.96E+05

631.3

2,428.1

8G4KEPVENS'2

6.2

2,985.9

12,088.6

3.15E+05

519.5

1,998.1

8G4KEPVENS'3

6.3

3,100.8

12,893.3

3.00E+05

575.7

2,214.3

8G4KEPVENS'4

6.4

2,789.7

11,537.2

2.91E+05

596.8

2,295.5

3,068.8

12,242.3

3.00E+05

580.8

2,234.0

AVG

The resulting mechanical properties from the elastomeric pad composites were similar to
the results of the polystyrene composites in that they performed worse in every category when
compared to the Group 2. The average tensile strength was 23% lower with the inclusion of an
elastomeric pad as the core material. Even though this sample had the advantage of double flow
media, the tensile elastic modulus was the lowest out of any group, 63.8% lower than the
baseline hybrid composite. The elastomeric pad did not change or gain any additional stiffness
during infusion and provided each sample with a small amount of flexibility that led to the low
elastic modulus. While this ability to deflect may be an advantage for later tests, the elastomeric
pad has negative impact on mechanical properties for tensile purposes.
6.8 Tension Summary
•

The presence of Kevlar improves the overall energy absorption of the composite by
prolonging the failure of the sample. Having two different strengths of materials in the
composite allows for the different layers to fail individually resulting in a more beneficial
failure mode. The glass layers also help mitigate the poor infusibility of Kevlar layers.
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•

The use of epoxy resin instead of vinyl ester reduced the maximum tensile strength by
22%. The total energy absorption was increased by 8% and the energy absorption per unit
thickness was increased by 21% due to the strain increase.

•

Stitching lowered the maximum tensile force resisted by 29% but increased the maximum
tensile strength by 13% due to the compaction of the layers. Stitching also greatly
increased the interlaminar shear strength of the samples, again mitigating the downsides
of the Kevlar layers. The perforations created by stitching lowered the tensile elastic
modulus of the composite by 36%.

•

The addition of an extruded polystyrene foam core lowered all measured mechanical
properties. The maximum tensile strength was reduced by 13%, the tensile elastic
modulus by 40%, the total energy absorption by 24%, and the energy absorption per unit
thickness by 36%.

•

The addition of an elastomeric pad core lowered all measured mechanical properties. The
maximum tensile strength was reduced by 23%, the tensile elastic modulus by 64%, the
total energy absorption by 26%, and the energy absorption per unit thickness by 51%.
The elastomeric pad had to be infused using double flow media to allow resin to reach the
bottom half of the fibers. The elastomeric pad also added flexibility to the same that was
not seen in any other configuration, which can be quantified by measuring the tension
strain at the first loss of strength in each sample in Table 9.
Table 9. Tension Strain at First Loss of Strength

Tension Strain at First Loss of Strength
Tension
Group 1

Tension
Group 2

Tension
Group 3

Tension
Group 4

Tension
Group 5

Tension
Group 6

0.0381

0.0372

0.0338

0.0379

0.0308

0.0412
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7. BENDING TESTS
7.1 Introduction
The mechanical properties obtained from the tension tests provided a baseline for
comparing the different variables tested in the research. However, as stated in the initial proposal
from this research, additional tests are performed to ensure the accuracy of these results. The
next comparison metric is mechanical properties obtained from a series of three point bending
tests, following the ASTM D7264/D7264M testing procedure. The test setup works by placing
the test sample on two supports near the ends of the sample. Force is applied to the center of the
specimen at constant rate using the Instron 8501 testing machine causing the sample to bend
until failure. The force and position of the loading head are recorded by the machine every 0.1
seconds, which can then be used to calculate the flexural strength of the sample. Stress vs strain
curves of each test are produced, which are then be used to find the flexural modulus of elasticity
and total amount energy absorption.
To produce samples for bending test, the same methodology that was performed in the
tension tests is followed. Spiral tubing was placed on the inlet and outlet tubing and at least one
layer of flow media was used on the top of the sample. Additionally, multiple samples can again
be made from one infusion allowing for more consistent samples in each test group. The ASTM
guidelines do not give specific dimensions for the test sample but does give a recommended
span-to-thickness ratio of 32:1. As long as failure occurs at the outer surface of the specimen due
to bending moment, other ratios such as 16:1 and 20:1 can be used as well. Due to each sample
having a slightly different thickness depending on the core material and layers used, a constant
support span width of 10 cm (3.94 in) was used throughout all bending tests to achieve an
acceptable span-to-thickness ratio.
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7.2 Bending Test Group 1
Bending Test Group 1 was the first set of bending tests performed and is meant to
establish a baseline for comparison, similar to Tension Test Group 1. However, this test group
incorporates advantages that were found from the tension tests. The samples in Bending Test
Group 1 are composed of the standard eight glass four Kevlar layers stitched together at 1”
spacing. These samples, and all other samples infused for bending tests, were infused using two
layers of flow media to try and achieve the best possible mechanical properties. These changes
were made as they were found to produce the best overall quality of sample in tension and
therefore act as the new baseline for future testing.
After the plate infusion for Bending Test Group 1 is completed, the samples can be cut
into the proper size for testing. The dimensions of each sample are measured and recorded before
testing. Similar to the stitched samples tested in tension, the bending samples were cut to be 1” in
width with a single line of stitching down the center of each sample. The thickness of each
sample depends on the bending test group, but ranges from 0.15” to 0.2”. The length of each test
sample also slightly varies as it is not strictly dictated by ASTM. Each sample is placed between
the supports and the hydraulic head is placed close to the surface of the sample before loading.
The samples were tested at a rate of 0.2 in/min and were tested until failure. Unlike tension tests
however, the ASTM composite bending test is of much lower energy and does not end in a
sudden failure when fibers break. Instead, the specimen begins to resist less and less force as
load increases until plateauing at some amount of residual strength. From the data obtained, the
maximum flexural strength of the sample can be found using the following equation for
rectangular cross sections.
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𝜎=

3𝑃𝐿
2𝑏ℎ2

(1)

Where, 𝜎 is the peak stress found during the test in psi, P is the applied force in pounds, L
is the span length, b is the width of the sample, and h is the thickness of the sample. This is
comparable to finding the maximum tensile strength for each sample as it is an important
measure for comparison between samples, but not the most important property to maximize in
the research. By creating a stress vs strain curve for every sample, the flexural modulus of
elasticity can be found. Finally, the amount of energy absorption can be found for each sample
by calculating the area until each stress strain curve. Unlike the tension tests, there is no clear
point to stop recording data. Due to the inherent flexibility of composite samples when bent in
the transverse direction, every sample could be theoretically bent to the maximum deflection
allowed by the testing machine. Since the load resisted by the sample at this point would have
already plateaued at a negligible amount, the stopping point of each test varies by sample. This
difference in test ending points can lead to a large difference in energy absorption even in
samples from the same testing group. To normalize these energy values, a strain limited energy
absorption value is calculated alongside the total energy absorption. This strain limited value
calculates the energy absorbed by each sample up to a strain value of 0.05, allowing all samples
to be compared equally. A chart showing these mechanical properties is shown in Table 10 and
the stress vs strain curve is shown in Figure 44.
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Bending Test Group 1
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0
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Figure 44. Bending test group 1 stress vs strain curves

Table 10. Bending Test Group 1 Mechanical Properties

Bending Test Group 1: Group ID = DF8G4KEPVENS
Sample ID

Group
Number

Max
Bending
Force
(lb.)

Max
Flexural
Strength
(psi)

Flexural
Elastic
Modulus
(psi)

Total
Energy
Absorption
(psi)

Strain Limited
Energy
Absorption
(psi/in)

Energy
per Unit
Thickness
(psi/in)

DF8G4KNCVES'1

1.1

72.5

11,162.8

7.71E+05

672.7

397.5

3,363.4

DF8G4KNCVES'2

1.2

70.7

10,468.1

7.85E+05

620.8

347.1

3,104.1

DF8G4KNCVES'3

1.3

63.2

8,666.5

6.84E+05

561.4

324.3

2,807.0

68.8

10,099.1

7.47E+05

618.3

356.3

3,091.5

AVG

From the stress strain curve in Figure 44, the general response of the composite sample to
the bending test can be seen. During the initial loading, all samples demonstrate a linear response
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which determines the elastic modulus of elasticity. This linear response lasts until the stress
within the sample is enough to cause delamination between the sample layers. The delamination
specifically occurs under and around the location of impacting head, weakening the sample’s
ability to resist the load. This process repeats until all layers surrounding the machine impactor
are delaminated, leaving the only remaining strength left in the sample coming from the fabric
layers. The resistance provided by theses layers is significantly less than the peak load and will
cause the plateauing at the end of each sample’s stress strain curve. In some cases, such as what
happened in sample 1.1 at around the strain value of 0.039, multiple layers delaminate at once,
resulting in a sudden drop in strength.
7.3 Bending Test Group 2
Bending Test Group 2 was designed to act as a direct comparison between vinyl ester and
epoxy resin in bending. The samples in this test group are identical to those from Bending Test
Group 1 with the exception of epoxy resin being used for infusion instead of vinyl ester. The
calculated mechanical properties and stress strain curve of all samples are shown in Figure 45
and Table 11.
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Bending Test Group 2
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Figure 45. Bending test group 2 stress vs strain curves

Table 11. Bending Test Group 2 Mechanical Properties

Bending Test Group 2: Group ID = DF8G4KNCERS
Sample ID

Group
Number

Max
Bending
Force
(lb.)

Max
Flexural
Strength
(psi)

Flexural
Elastic
Modulus
(psi)

Total
Energy
Absorption
(psi)

Strain Limited
Energy
Absorption
(psi/in)

Energy
per Unit
Thickness
(psi/in)

DF8G4KNCERS'1

2.1

61.0

15,997.7

1.41E+06

834.7

545.3

5,217.0

DF8G4KNCERS'2

2.2

70.6

21,529.0

1.72E+06

882.6

608.3

5,516.1

DF8G4KNCERS'3

2.3

57.0

14,197.0

1.29E+06

728.2

483.4

4,551.5

DF8G4KNCERS'4
AVG

2.4

80.8

22,077.0

1.48E+06

714.2

544.8

4,464.0

67.3

18,450.2

1.48E+06

789.9

545.5

4,937.2

While the maximum bending force experienced for the samples in Bending Test Group 2
is comparable to that of Group 1, the smaller cross-sectional area of the epoxy samples leads to
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an 83% increase in flexural strength. Similar to the differences in the resins seen in the tension
tests, the flexural modulus of the epoxy samples increased by 98%. When comparing the strain
limited energy absorption between the two bending test groups, the epoxy samples provide a
larger amount of energy absorption, a 53% increase to its vinyl ester counterpart.
7.4 Bending Test Group 3
Now that the comparison between the different types of resin has again been verified in
bending, a comparison of core materials can be performed. Bending Test Group 3 uses samples
made from the almost the same manufacturing process as Bending Test Group 1 but with the
addition of a polystyrene core. Test group 3 also does not include fabric stitching in its
composition. Preliminary tests found that through-thickness stitching of a sample with a
polystyrene core caused the core to tear before infusion. The thread used during stitching would
cut through the polystyrene leaving large gaps in the material which would subsequently fill with
excess resin ruining the overall sample quality. A table of the mechanical properties and
resulting stress vs stain curves for Group 3 are show in Figure 46 and Table 12.

Bending Test Group 3
Sample 3.1

Sample 3.2

Sample 3.3
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14000
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4000
2000
0

0.000
0.001
0.003
0.004
0.005
0.007
0.008
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0.011
0.012
0.013
0.015
0.016
0.018
0.019
0.020
0.022
0.023
0.024
0.026
0.027
0.028
0.030
0.031
0.032
0.034
0.035
0.036
0.038
0.039
0.040
0.042
0.043
0.045
0.046
0.047
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Stress (psi)

16000

Strain
Figure 46. Bending test group 3 stress vs strain curves
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Table 12. Bending Test Group 3 Mechanical Properties

Bending Test Group 3: Group ID = DF8G4KPSVENS
Sample ID

Group
Number

Max
Bending
Force
(lb.)

Max
Flexural
Strength
(psi)

Flexural
Elastic
Modulus
(psi)

Total
Energy
Absorption
(psi)

Strain Limited
Energy
Absorption
(psi/in)

Energy
per Unit
Thickness
(psi/in)

DF8G4KPSVENS'1

3.1

65.6

15,813.1

1.47E+06

553.1

553.1

3,160.3

DF8G4KPSVENS'2

3.2

68.9

14,307.4

9.82E+05

395.4

395.4

2,259.6

DF8G4KPSVENS'3

3.3

75.2

16,963.3

1.15E+06

701.7

477.8

4,009.6

69.9

15,694.6

1.20E+06

550.1

475.4

3,143.2

AVG

Figure 47. Bending Test Group 3 sample delamination

The maximum bending force achieved during the test was again comparable to that of
Groups 1 and 2, with the resulting flexural strength falling between the two groups. The flexural
elastic modulus for this sample group was 60% larger than that of Group 1, even though both
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samples were infused using vinyl ester. This result is the due to stiffened polystyrene core which
again dissolved during the infusion of the sample. The residue of the polystyrene bonded to the
surrounding glass layers. These particulates stiffen the glass layers, leading to the heightened
flexural elastic modulus in this sample. Figure 47 showcases how the layers suddenly delaminate
specifically from these polystyrene glass layers, resulting in the large drops seen sample 3.2 and
3.3. The strain limited energy absorption went up by 33% when compared to the average of
Group 1, again caused by the resistance provided by the stiffened glass fibers. A similar increase
in energy absorption is not seen in the tension samples as the polystyrene residue does not help
resist any tensile force.
7.5 Bending Test Group 4
Due to the success that infused polystyrene has on the bending mechanical properties of
the samples so far, it was theorized that multiple layers might provide an even greater boost to
flexural strength. Due to the need of keeping the overall design of the composite symmetrical
and the need to keep the layers in contact with the core materials glass to keep a high level of
cohesion, a decision was made to jump up to three layers of core material rather than two. Figure
48 shows the chosen fabric stacking sequence.

Figure 48. Stacking sequence of
triple polystyrene core layout

81

Figure 49 and Table 13 show the stress vs strain curve and mechanical properties of Bending
Test Group 4 respectively.

Bending Test Group 4
Sample 4.1

Sample 4.2

Sample 4.3
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0.092
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0.120
0.127
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0.155
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0

Strain
Figure 49. Bending Test Group 4 stress vs strain curve

Table 13. Bending Test Group 4 Mechanical Properties

Bending Test Group 4: Group ID = DF8G4KTSVENS
Sample ID

Group
Number

Max
Bending
Force
(lb.)

Max
Flexural
Strength
(psi)

Flexural
Elastic
Modulus
(psi)

Total
Energy
Absorption
(psi)

Strain Limited
Energy
Absorption
(psi/in)

Energy
per Unit
Thickness
(psi/in)

DF8G4KTSVENS'1

4.1

29.7

1,392.7

9.77E+04

174.1

55.3

458.2

DF8G4KTSVENS'2

4.2

53.1

2,385.4

2.05E+05

477.1

93.9

1,223.2

DF8G4KTSVENS'3

4.3

27.3

1,562.5

1.02E+05

227.2

58.5

568.1

36.7

1,780.2

1.35E+05

292.8

69.2

749.8

AVG
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The triple polystyrene core significantly reduced all measured mechanical properties. The
triple polystyrene core reduced the maximum flexural strength by 89% when compared to the
single polystyrene core, and the strain limited energy absorption by 80%. Upon analysis of the
samples, this is due to the poor quality of infusion resulting from the large amount of resin that is
needed to fully saturate all three cores as well as the surrounding fibers. The resulting samples
were weak with very little interlaminar strength, as can be seen by the immediate delamination of
the sample (Figure 50) early in the testing process.

Figure 50. Bending Test Group 4 sample
delamination

This lack of ILSS within the samples can be seen from the stress strain curve, where there
are no sudden failures within the curves. Instead, each layer of the sample begins to slide
gradually, resulting in the slow decrease in strength seen in each plot. Overall this test group
demonstrated that the effectiveness of the polystyrene core is dependent on its infusion quality
and any multiple layers of core material do not amplify this effect.
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7.6 Bending Test Group 5
The last Bending Test Group was created to study the effect of using an elastomeric pad
as a core material. To provide a direct comparison to Bending Test Group 3 and to mirror the
infusion setup used in Tension Test Group 7, the normal, unstitched fabric layup will be used
along with the same thickness elastomeric pad as was used previously. Two layers of flow media
were used for the infusion of these samples. The resulting mechanical properties and stress vs
strain curves are shown in Figure 51 and Table 14.

Bending Test Group 5
Sample 5.1

Sample 5.2

Sample 5.3

Sample 5.4
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1000
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0
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0.015
0.020
0.025
0.030
0.035
0.040
0.045
0.050
0.055
0.060
0.065
0.070
0.075
0.080
0.085
0.090
0.095
0.100
0.105
0.110
0.115
0.120
0.125
0.130
0.135
0.140
0.145
0.150
0.155
0.160
0.165
0.170
0.175
0.180
0.185
0.190
0.195

Stress (psi)

4000
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Figure 51. Bending test group 5 stress vs strain curve
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Table 14. Bending Test Group 5 Mechanical Properties

Bending Test Group 5: Group ID = DF8G4KEPVENS
Sample ID

Group
Number

Max
Bending
Force
(lb.)

Max
Flexural
Strength
(psi)

Flexural
Elastic
Modulus
(psi)

Total
Energy
Absorption
(psi)

Strain Limited
Energy
Absorption
(psi/in)

Energy
per Unit
Thickness
(psi/in)

DF8G4KEPVENS'1

5.1

45.2

4,366.6

8.60E+04

492.3

85.3

1,893.4

DF8G4KEPVENS'2

5.2

35.6

3,640.4

6.80E+04

335.7

82.1

1,291.3

DF8G4KEPVENS'3

5.3

41.0

4,479.2

8.30E+04

477.1

87.9

1,834.8

DF8G4KEPVENS'4

5.4

32.2

3,476.3

7.94E+04

416.4

85.6

1,601.5

38.5

3,990.6

7.91E+04

430.4

85.2

1,655.2

AVG

Similar to the results of Bending Test Group 4, the elastomeric pad lowered the structural
performance of the sample in all measured categories when compared to Group 1. Similar to the
tension samples, the rubber core provided a significant amount of flexibility to the sample,
resulting in an 89% decrease in flexural elastic modulus. The strain limited energy absorption
was greater than that of Bending Test Group 4’s, but still 46% lower than the control sample.
7.7 Bending Test Summary
•

The epoxy samples provided an 83% increase in flexural strength, a 98% increase in
flexural elastic modulus, and a 53% increase in strain limited energy absorption when
compared to a similar vinyl ester infused sample.

•

The use of double flow media in the samples provided an increased infusion speed and
prevented large voids from occurring on the bottom layers without flow media in
previously infused samples. However, the practice of using double flow media was not
continued as it does not represent results achievable for the final tank car jacket.
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•

The use of a single polystyrene core increased the average flexural strength by 55%, the
flexural modulus by 97%, and strain limited energy absorption by 33% when compared
to a similar sample with no core material.

•

The use of a triple polystyrene core decreased the average flexural strength by 82%, the
flexural modulus by 81%, and strain limited energy absorption by 53% when compared
to a similar sample with no core material. The triple core sample suffered from a high
void content and poor infusion quality due to the resin absorbency of the polystyrene.

•

The use of an elastomeric pad core decreased the average flexural strength by 60%, the
flexural modulus by 89%, and strain limited energy absorption by 76% when compared
to a similar sample with no core material. When comparing the strains at the first loss of
strength (Table 15), the elastomeric pad sample again perform the best.
Table 15. Bending Strain at First Loss of Strength

Bending Strain at First Loss of Strength
Bending Group 1 Bending Group 2 Bending Group 3 Bending Group 4 Bending Group 5
0.0203

0.0208

0.0175

0.0234

0.0940
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8. DROP WEIGHT IMPACT TESTS
Now that effects of each tested variable have been established on mechanical properties
of composites with different parameters under tension and bending, the response of the proposed
composites are now measured under impact loading. The impact testing of this research is
additionally allowing for the first measurable comparison to the USDOT values obtained from
the full-scale DOT-113 impact tests (Trevithick 2019). The composites used for the impact tests
were created using the knowledge from the tension and bending tests. In general, inclusion of a
polystyrene core lowered the overall performance of the composite samples and was dissolved
during infusion. Therefore, the extruded polystyrene core was not tested in any test sample, as
the lack of material strength was too large of a downside. However, due to potentially
advantageous impact resistant properties of elastomeric pads, they were incorporated into several
samples to see if additional strain can be attained before the first loss of strength (debonding)
under impact. Stitching, which showed improvement in interlaminar shear strength and overall
energy absorption in a composite, was incorporated into every sample made for impact testing.
Additionally, the first tests were run using more than 12 layers of fabric to measure the increase
in strength. The stacking sequence of the 18-layer sample in impact test group 4 repeats the same
glass-Kevlar-glass pattern as previous samples, but with the addition of two more Kevlar layers.
One new variable first tested in the drop weight impact tests was the layer orientation.
Since both the glass and aramid fabrics used in this research are bidirectional with the fibers
woven in the 0/90˚ directions, orienting these layers at a 45˚ angle also aligns the fibers in these
directions. All previously manufactured samples had the layers aligned in this 0/90 orientation
and act as a control layout for future comparisons. However, it is mechanically beneficial to
orient some of these layers at 45˚ to distribute the in-plane stresses experienced by the fibers
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more evenly across the sample. A more even distribution of stress leads to a more global failure,
which increases the total amount of impact energy resistance of a composite. The two
orientations developed for this research were designed to maximize the amount of axial and
shear stresses resisted. At this stage in the research, the fiber orientations were limited to 0/90˚
and 45˚ angles. These orientations, named O1 and O2 respectively, have the fibers oriented in the
following directions given in Table 16.
Table 16. Fiber Orientations of O1 and O2

Fiber Orientation Layout
O1

[0 0 0 45 45 45 45 45 45 0 0 0]

O2

[0 45 0 0 0 0 0 0 0 0 0 0]

The following eight groups of specimens were tested in this setup for impact loads, with each
group having two specimen each for replication. Each specimen was manufactured to be a 7” x
7” plate. The thickness of each plate was recorded before testing, but generally varied from 0.15
to 0.225 inches in thickness depending on the variables being tested. The exact manufacturing
procedure for these samples is described in the suggested manufacturing practices section. The
weight of each sample was also recorded before testing. Only one layer of flow media was used
to infuse the impact samples.
•

Impact Test Group 1 (8G4KNCVES) – 8 Glass, 4 Kevlar, No core material, Vinyl Ester,
Stitched, All fibers 0/90

•

Impact Test Group 2 (8G4KNCVESO1) – 8 Glass, 4 Kevlar, No core material, Vinyl
Ester, Stitched, Orientation 1

88

•

Impact Test Group 3 (8G4KNCVESO2) – 8 Glass, 4 Kevlar, No core material, Vinyl
Ester, Stitched, Orientation 2

•

Impact Test Group 4 (12G6KNCVESO1) – 12 Glass, 4 Kevlar, No core material, Vinyl
Ester, Stitched, Orientation 1

•

Impact Test Group 5 (8G4KEPERSO1) – 8 Glass, 4 Kevlar, Elastomeric Pad, Epoxy,
Stitched, Orientation 1

•

Impact Test Group 6 (8G4KNCERSO1) – 8 Glass, 4 Kevlar, No core material, Epoxy,
Stitched, Orientation 1

•

Impact Test Group 7 (8G4KEPVESO1) – 8 Glass, 4 Kevlar, Stitched, Elastomeric Pad,
Vinyl Ester, Orientation 1

•

Impact Test Group 8 (8G4KEPVESO2) – 8 Glass, 4 Kevlar, Stitched, Elastomeric Pad,
Vinyl Ester, Orientation 2
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The impact tests were performed in accordance with ASTM D7136/D7136M, the test method
for measuring the damage resistance of a fiber-reinforced polymer matrix composite in a dropweight impact event. An Intron CEAST 9350 impacting system, capable of delivering up to
1,800 J (1,327.6 ft-lb) of energy, was used to test each composite specimen. The impact testing
machine, shown in Figure 52, uses a rail guided impacting head that is dropped onto the
specimen in the chamber below. The system uses a 0.49 in2 impacting head with adjustable
weights to allow for an exact amount of energy to be delivered into the sample. The machine has
additional compression springs at the top that the impacting head can be driven in to allow for
higher test speeds and obtain higher impact energies from gravity alone. The sample in the
controlled environment containment chamber is compressed on both sides with an exposed
impacting area of 6.4 in2. The machine also comes with a rebound catching mechanism to ensure
the impacting head only makes a single contact with the specimen. The testing machine records
the total impact energy, force at peak load, the energy absorbed by the specimen, as well as the

Figure 52. The Instron CEAST 9350 impacting head, machine, and sample holder
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position and force measured by the impacting head during the duration of the impact and are
transferred to a computer connected data acquisition system to the testing machine.
Before testing each sample, the amount of energy needed for the drop weight test needs
to be determined. Composite test samples were made outside of the original eight test groups for
device calibration and to understand the level of energy the plates would puncture at. From the
sample plates tested, it was determined that the composite samples began to puncture at around
113 ft-lb of energy. This value was used as a starting value with the level of energy being
increased in repeated trials of the experiment. One of the objectives of the impact tests was to
better understand how the composite plates react under large impact loads, a scenario common in
the real-world application of this research. Therefore, the test energy was raised to 135 ft-lb, 155
ft-lb, and 230 ft-lb for select samples.
The testing procedure begins by fixing the composite specimen in the holding chamber,
clamping each side to prevent any boundary movement during impact. The desired amount of
impact energy or speed is then entered into an attached computer running the Instron testing
software. The testing machine then automatically calculates the drop height required to reach the
desired energy level, using the recoil springs to provide extra travel distance if nessacery. Once
the impacting head is positioned correctly, the operator can initiate the test, allowing the
impacting head to travel down the rails and into the specimen below. The testing machine is
designed to prevent the impacting head from travelling farther than nessacery for penetration. If
the impacting head does not penetrate, the rebounding mechanism engages and prevent any
additional bounces. The data acquisition can then be stopped from the attached computer and can
then produce a graph such as the one in Figure 53.
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Impact Force vs Time vs Impact Energy
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Figure 53. Recorded mechanical properties graph from impact test machine

Table 17 was created listing the recorded impact energy, the peak force measured, and
the total energy absorbed by the composite sample which were all recorded by the Intron testing
machine. The energy absorption per unit volume can then be calculated by dividing the energy
absorption based on the exposed volume of each sample. The percentage energy absorbed is
calculated as the energy absorbed divided by the initial impact energy. The maximum stress
during impact can also be found by dividing the peak recorded force by the impactor head area.
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Table 17. Impact Test Summary Chart

Impact Test Summary Chart
Sample ID
Sample #
1.1
8G4KNCVES'1
1.2
8G4KNCVES'2
2.1
8G4KVESO1'1
2.2
8G4KVESO1'2
3.1
8G4KVESO2'1
3.2
8G4KVESO2'2
4.1
12G6KVESO1'1
4.2
12G6KVESO1'2
5.1
8G4KEPERSO1'1
5.2
8G4KEPERSO1'2
6.1
8G4KERSO1'1
6.2
8G4KERSO1'2
7.1
8G4KEPVESO1'1
7.2
8G4KEPVESO1'2
8.1
8G4KEPVESO2'1
8.2
8G4KEPVESO2'2

Impact
Energy
(ft-lbf)
134.26
113.13
229.31
227.52
158.54
157.29
112.83
134.62
158.12
133.19
228.11
229.31
156.45
135.71
134.26
113.13

Force at Peak
(lb)
4,628.74
4,741.25
4,975.22
4,983.75
4,988.23
4,514.73
6,661.35
6,466.02
5,940.03
3,871.65
4,759.89
12,667.76
4,015.71
4,528.68
3,949.12
4,535.76

Total Energy
Absorbed
(ft-lbf)
67.16
78.19
80.67
77.31
67.23
77.61
104.06
106.52
94.90
128.64
69.93
0.00
81.08
70.70
71.78
85.43

Energy Absorption
per unit volume
(ft-lbf/in3)
74.73
93.03
83.05
87.03
69.80
82.00
80.30
82.61
66.48
90.42
70.43
0.00
55.29
47.39
48.24
60.05

%
Energy
Absorbed
50.0%
69.1%
35.2%
34.0%
42.4%
49.3%
92.2%
79.1%
60.0%
96.6%
30.7%
0.0%
51.8%
52.1%
53.5%
75.5%

The goal of this initial impact test was not to provide another direct comparison between
the induvial variables in each test sample as in tension and bending tests. Instead, a wide variety
of different samples tested at different impact energies to give a better understanding of what
affects the total energy absorbed and to obtain valid data for comparison to the USDOT-113 test.
In all tests the samples were fully penetrated, with the exception of sample 5.2. A picture of
Samples 5.1 and 5.2 can be seen in Figure 54, showing the difference in a local and global failure
of each specimen. This resulted in the sample having the highest total energy absorption of 128.6
ft-lbf as well as the highest percentage energy absorption of 96.6%. There was a problem with
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Sample 6.2 data acquisition as during the sample testing the cable connecting to the computer
running the software was disconnected, resulting in the incorrect energy values recorded.

Figure 54. Impact samples 5.1 (top) and 5.2 (bottom)

Table 18. Averages of Initial Test Energy Values

Test Energy
(ft-lb)
113
135
155
230

Samples
Tested
3
5
4
4 (3 used)

Total Energy
Absorption
(ft-lbf)
89.22
88.96
80.21
75.97

Energy %
Absorbed
79.0%
66.3%
50.9%
33.3%
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Table 18 shows the average total energy absorption and energy percentage absorbed for
each test energy used in the test. The chart shows that as the test energy increased, both the total
and percent energy absorption decreased consistently.
8.1 Impact Test Summary
•

Four separate test energies were used for the impact tests: 113, 135, 155, and 230 ft-lbf.
As the amount of each energy increased, the total amount of energy absorption per
sample decreased.

•

When comparing a 12 layers sample to a similar 18 layers sample, the 18-layer sample
had a 46% increase in total energy absorption.

•

When comparing O1 and O2 in similar samples with no core materials, O1 provided a
9% increase in average energy absorption and O2 did not provide any change in energy
absorption. In the samples created with an elastomeric pad core, no significant difference
in energy absorption was found

•

The only sample that did not result in penetration, Sample 6.2, used an elastomeric pad as
the core material. This sample had the highest total energy absorption of 128.6 ft-lbf as
well as the highest percentage energy absorption of 96.6%.

A comparison between the full-scale DOT-113 outer shell test mentioned in the
introduction can now be performed using the data obtained from the impact tests. Table 19
shows the summary of the comparison.
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Table 19. Final comparison between DOT-113 steel shell and FRP jacket sample

The sample test area for the USDOT-113 outer shell was calculated by measuring the
area deflected by the impactor after the test was performed. This value was not directly given by
the report and was estimated using the given information and picture of the tank car after impact.
The indenter size was given for both test experiments. A chart plotting the total energy
absorption during the test’s duration was given in the USDOT report and 1,300,000 ft-lbf was
the value achieved when penetrating the outer steel shell of the tank car. To provide a more
accurate comparison between each impact test, the energy absorption of each sample can be
calculated per sample volume. The energy absorption per sample volume of the FRP jacket
sample achieved 91 ft-lbf/in3 compared to the 206 ft-lbf/in3 achieved by the steel shell. The
fracture stress of each test can be found by dividing the maximum force applied by the indenter
by the indenter area. In the DOT-113 test, the max force applied by the indenter was given to be
820,000 lb, resulting in a fracture stress of 5,694 psi. The FRP jacket has a maximum fracture
stress of 7,901 psi, which is a 39% increase from the steel shell. The density of each sample can
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be calculated knowing the weight and volume of each. From these computations, it is concluded
that the DOT-113 shell had a density five times greater than that of the FRP jacket. The density
can be combined with the energy absorption calculated per sample volume to find the energy
absorption per unit weight (ft-lbf/lb). The DOT-113 outer shell achieved an energy absorption
per unit weight of 730.5 ft-lbf/lb while the FRP jacket had an energy absorption per unit weight
of 1750 ft-lbf/lb.
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9. SUGGESTED MANUFACTURING PRACTICES
During the multitude of infusions that took place during the manufacturing process,
several new techniques were found that improved the efficiency and quality of the resulting
samples. A full summary of the of the final manufacturing process used is detailed below and is
recommended for future work. The samples being infused in Figure 55 are two fully stitched, 18layer glass/Kevlar composites with no core material and follows the same production method as
the impact test samples.
The manufacturing process begins with the infusion surface, which depends on the type
of sample needed. The ideal infusion surface is nonporous, nonreactive to the resin or any curing
chemicals, and durable enough to allow for multiple infusions on the same surface. Glass works
excellent, and the transparency allows for the bottom surface of the composite to be checked for
saturation during the infusion. For curvilinear samples, the surface needs to have the same final
curvature as the final tank car curvature, limiting the choices available. Regardless of material
choice, the next step is to apply several layers of mold release to the infusion surface. This
allows for easier clean up after infusion, and to let the sample release from the infusion surface in
a single piece. A layer of mold release is wiped onto the infusion surface and is allowed to fully
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dry before adding another. A total of three layers of mold release are recommended. The next
step is to take the fabric layers and place them onto the center of the infusion surface (Figure 55).

Figure 55. Dual infusion samples on infusion surface

The size of the layers being infused will greatly affect the final quality and speed of the
infusion, with larger samples generally being slower and more difficult to infuse. The largest size
of sample infused during this research was 15” x 15”, which on occasion took over an hour of
infusion time to ensure full saturation of the sample. Due long infusion time of larger
composites, it is recommended that infusion sizes only be as small as possible when using a
single inlet and outlet port. Akin to industrial composite manufacturing, through VARTM
multiple ports could be used to ensure a more even pressure distribution in large infusions. One
of the new advancements learned during this research is the technique of infusing multiple
smaller samples in the same infusion environment. By placing two smaller samples adjacent to
each other, slow infusion speeds can be avoided while still producing several samples at once.
The fiber volume fraction of the dual sample infusion has been measured and no significant drop
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was measured when infusing two 7 x 7” samples as compared to infusing one. However
unsaturated regions were found when trying to infuse three 7” x 7” samples.
Regardless of performing a single or double infusion, the next step is to create an airtight
environment around the fabric layers. The airtight layer is created using polyvalent putty that
allows for an airtight seal between the surfaces (Figure 56).

Figure 56. Dual infusion samples with sealant putty perimeter

The perimeter offset depends on the size of the infusion, with the average distances being
5” to 6” offset from the top and bottom and 4” to 5” offset from either side. This gives room for
the tubing to be placed without interfering with the flow of resin. Generally, one layer of putty is
needed for the outer perimeter, but additional putty strips may be needed in some cases where
the vacuum pressure is strong enough to lift the putty from the glass creating a leak.
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The next step is to place the inlet and outlet tubing across the top and bottom of the
samples. Smaller diameter spiral tubing is connected to larger outer tubing using the same
sealant putty (Figure 57).

Figure 57. Dual infusion samples with spiral tubing in place

The gaps cut into the spiral tubing promote even unidirectional flow across both samples.
The ends of the spiral tubing are taped down to the glass to slightly tension the spiral tubing,
opening up the spaces for the resin to flow. Over the course of this research, it was found that
placing the inlet spiral tubing with a 1” gap from the top of the specimen produced the highest
quality results. The gap at the bottom is placed slightly farther away at 2”. To prevent any resin
from flowing down the sides of the sample, the spiral tubing should be cut to the width of the
samples being infused as closely as possible. Additional putty can be placed where the inlet and
outlet tubing cross the outer putty perimeter, as these areas are often the main cause of air
leakages during infusion.
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The next step is to apply the flow media layer to the top of the sample then apply the peel
ply. Only a single layer of flow media was used for this infusion, however an additional layer of
flow media could be placed on the bottom of the sample if the resin requires additional help
saturating the bottom layers. The flow media is cut to the exact width of the samples, with the
length being slightly longer to allow for some overhang on the inlet and outlet spiral tubing. The
flow media is placed underneath the inlet tubing to promote the resin flow across the top of the
specimen and placed on top of the outlet tubing. The peel ply is then pulled taut across the
infusion area and pressed into the putty perimeter, being careful to avoid any creases (Figure 58).

Figure 58. Dual infusion samples with peel ply attached

This step is where the optimal process found in this research differs greatly from the
practices narrated in the literature review. In the infusion setup described in other research
papers, there was most commonly a break region between the outlet tubing and bottom of the
sample to prevent the resin from escaping the fabric. Some papers even suggest cutting the flow
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media slightly shorter on the sides and bottom to highlight the importance of this effect.
However, from measuring the fiber volume fraction of repeated samples, allowing the excess
resin to flow out of the samples is greatly beneficial. By using this set up and allowing the excess
resin to drain from the samples after the resin inlet has been clamped for 6 minutes, the fiber
volume fraction rose from an average of 31% to 50%. By allowing for an excess resin drain time
of 12 minutes, the fiber volume fraction increased to an average of 60%. Therefore, it is
recommended that the flow media be placed in contact with both spiral tubes.
Now that the infusion area has been sealed, a dry run of the infusion setup is performed.
This initial test has multiple purposes, with the primary goal being the sealing of any air leaks
before the resin in introduced. The secondary goal is to compact the fabric layers, which from
previous research is known to increase the overall quality of the final samples. The peel ply
should press tight against the spiral tubing and surrounding glass to ensure that the only path the
resin can travel is across the flow media (Figure 59).

Figure 59. Dual infusion samples with vacuum pressure
applied
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After the dry vacuum run confirming the absence of leaks and compacting the sample,
the inlet tubing can be connected to resin source and the infusion process can now begin (Figure
60).

Figure 60. Dual infusion samples during infusion

The resin should flow fully across the inlet spiral tubing to attain a uniform flow front
across both composite samples simultaneously. Note that even as the resin reaches the outlet
tubing, almost no resin is wasted flowing in the areas surrounding the spiral tubing and flow
media. The amount of time need for each infusion depends on the size, number and material of
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layers, viscosity of resin used, and type of flow media. It was found that for a two 7” x 7” sample
infusion setup show above, the layers were fully saturated within 3-4 minutes. After full
saturation, the inlet tubing is clamped off preventing any air or resin from passing through. The
vacuum is left on, and outlet tubing remains open for another 12 minutes, allowing excess resin
to leave the sample. After the excess resin is drained, is outlet tube is closed and the vacuum
pump can be turned off. The samples are then left at room temperature until fully cured, usually
taking between 24-48 hours depending on the type of resin used.

10. FUTURE TESTS
As stated in the initial project proposal, the composite samples will be tested in both
dynamic drop weight impact as well as quasi-static puncture to study its behavior. While this
impact data is valuable in understanding the mechanics behind this high-speed, high-energy
impact event, quasi-static puncture tests allow for the analysis of the composite at slower impact
speeds. Therefore, the next step in sample testing is to use the optimal manufacturing techniques
obtained from this research and use them in both quasi-static and dynamic puncture tests to
determine the optimal configuration in each. Two types of puncture tests are needed as the
failure mechanisms and energy absorption vary as a function of the rate the loading is applied.
The composite jacket could likely encounter both of these types of loading in the field, so both
responses need to be considered when comparing resulting properties. By comparing the data
obtained from both of these tests, a final composite layup can be established using a combination
of the most successful variables in both. Finally, both of these tests can be repeated using a steel
substrate supporting the composite as this will more accurately represent the strength of the
entire retrofitted tank car shell. Once these tests have been performed, the optimal configuration
can then be applied to curvilinear samples.
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The practices and techniques from the repeated infusions demonstrates the complicated
nature of the infusion process. The resin flow front, which is highly indicative of the final part
quality, is affected by a multitude of different variables such as the amount of friction provided
by each material type, number of layers, viscosity of the resin, initial pressure provided by the
vacuum, area of the infusion zone, placement of the spiral distribution tubing, and resin and flow
media temperatures. To help quantify these variables and gain a more in depth understanding of
the equations dictating this flow, a comprehensive set of flow tests needs to be performed.
The equation that describes the flow of a fluid through a porous material is Darcy’s law.
𝑘

𝑞 = − ∇𝑝
𝜇

(2)

Where q is instantaneous flow rate, k is the permeability of the material, μ is the dynamic
viscosity of the fluid, and ∇𝑝 is the pressure drop in the system. The pressure drop, flow rate,
and viscosity of the fluid can all be measured during or before the infusion, allowing the
permeability of the fabric being infused to be calculated. By finding the permeability of each
material type, these values can be combined to estimate the permeability of a hybrid, multilayer
composite. Additionally, the permeability of each material changes as it becomes saturated,
causing the final steady state flow rate to be different from the flow rate of the resin initially
traveling across the material. Since it is known from previous manufacturing experiments
allowing for this extra resin to bleed out from the sample results in a higher fiber volume fraction
and lower void content, finding this rate of the steady state flow can be used to calculate the
optimal extra vacuum time needed for each sample to obtain these optimal material properties.
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11. CONCLUSION
•

A vacuum assisted resin transfer molding (VARTM) composite manufacturing process
was developed to produce test samples for evaluating different variables in the final
composite jacket. The suggested procedure was found to produce consistent, high fiber
volume fraction samples to allow for accurate comparisons between samples.

•

A hybrid composite using the aramid and glass fabrics of multiple layers was found to be
the best overall composition in terms of energy absorption. The glass layers allows the
final sample to remain cost effective and increases the ease of infusion. The aramid layers
give the sample increased mechanical strength and a high impact energy absorption.

•

The use of epoxy resin over vinyl ester resin provided an increase in energy absorption
and modulus of elasticity in the bending and tension tests performed. The epoxy resin
also slightly increased the interlaminar shear strength of the samples produced.

•

The effect of stitching provides additional compaction to the layers of fibers and reduced
the modulus of elasticity of the samples in tension. The greatest effect stitching had was
on the interlaminar shear strength, which allowed for cohesion between the layers even
after complete sample failure and reduced the modulus and bending strength due to stress
concentrations created by stitching.

•

The addition of extruded polystyrene foam as a core material lowered the mechanical
properties measured in tension, but slightly increased bending strength. The polystyrene
core dissolves in the resin and negatively effects the quality of infusion, which is
exacerbated with additional layers of foam.

•

The addition of an elastomeric pad core lowered the mechanical properties measured in
tension and bending but increased the strain to initial loss of strength in both tests. The
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elastomeric pad helps distribute the load across the sample more evenly, allowing for a
more global rather than local failure in the impact specimen. The highest strength impact
test specimen incorporated the elastomeric pad as a core material.
•

The impact tests show the higher energy imparted into the test specimen; the lower
percent of energy is absorbed by the sample. This resulted in the lowest energy impacts
resulting in the highest average energy absorbed out of any sample.

•

By comparing the data between the DOT-113 outer shell impact test and the best
performing sample from the composite impact tests performed, the final optimized
composite achieved nearly half of the DOT-113 energy absorption per sample volume
(206 ft-lbf/in2 vs 91 ft-lbf/in2) with a higher fracture stress (5,694 lbf/in2 vs 7,902 lbf/in2)
while having only a fifth of the density (487 lb/ft3 vs 89.9 lb/ft3). This leads to the final
composite sample achieving a 139% increase in energy absorption per unit weight (ftlbf/lb)
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